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Abstract  
In this dissertation, polyethylene oxide (PEO) and ethyl cellulose (EC) have been 
chosen as model polymers to investigate different aspects of electrohydrodynamic 
processing and forming. In the first part of the work, electrospraying of PEO was 
attempted choosing a wide range of single solvents and mixed solvents. The selection 
of solvents affects the solubility and spinnability of PEO and the morphology of 
electrospun fibres. In the second part of the research the creation of 3D nanofibrous 
structures using electrospinning of PEO was investigated. The results demonstrate how 
the process is influenced by physical and processing parameters. It is reported that 
electrospun polymer nanofibres self-assemble into three dimensional honeycomb-like 
structures. The underlying mechanism was studied by varying the polymer solution 
concentration, collecting substrates and collection distance. The polymer solution 
concentration was found to have a significant effect on the size of the electrospun 
nanofibres. The nature of the collection substrate and the magnitude of the collection 
distance affect the electric field strength, the evaporation of solvent and the discharging 
of nanofibres. Consequently both the collection substrate and the collection distance 
had a significant influence on the self-assembly of nanofibres. In the third part of the 
work, the ways in which relative humidity (RH) plays a key role in the formation of 
porous structures was investigated using the hydrophilic polymer (PEO) and the 
hydrophobic polymer (EC). The generation of a 3D honeycomb-like structure was 
achieved using PEO polymer when RH was increased to between 53% and 93%. The 
optimum RH was found to be 73%. But efforts to generate 3D honeycomb-like 
structures using EC were unsuccessful throughout the range of RH investigated (53% - 
93%). High speed camera imaging has been an important feature of the work carried 
out in this thesis.
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1. Introduction  
_________________________________________  
 
Nanotechnology involves working with materials that have particle dimensions on the 
scale of nm, or m × 10−9which is almost one thousand times smaller than the width of 
a human hair. The method of controlling material on the nano size has been an 
interesting topic in recent years. Materials on the nano-scale have a great deal of 
potential in a large number of applications. One of the most well-known processes for 
creating nano-fibres is the use of the electrospinning technique.  
 
Electrospinning is a well-established technique for forming continuous fibres in the 
nano- to micro-scale range. Although it is more than several decades since its discovery, 
it has attracted the attention of many researchers in the last two decades due to its easy 
utilisation for the fabrication of polymeric fibres from natural or synthetic materials 
[Bhardwaj et al. 2010, Luo et al. 2012]. Recently the range of applications for 
electrospun fibres has expanded dramatically to include; drug delivery [Jing et al. 2003, 
Katti et al. 2004], tissue engineering [Deitzel et al. 2001b, Yoshimoto et al. 2003, 
Ionescu et al. 2010], wound dressing [Khil et al. 2003], composite materials [Teo et al. 
2010, Meng et al. 2011], filters [Deitzel et al. 2002, Tsai et al. 2002], protective clothing 
[Gibson et al. 2001, Lee et al. 2006, Faccini et al. 2012, Seeram et al. 2012], and sensors 
[Dersch et al. 2005]. Nevertheless, it is anticipated that there are many more interesting 
applications for the use of electrospun fibres still to come. The future for the study of 
fibre production using the electrospinning technique is both promising and rewarding.   
 
In the electrospinning process, a polymer solution held by its surface tension at the end 
of the nozzle is subjected to an electric field and an electric charge is induced on the 
liquid surface in response to this. When the electric field reaches a critical value, the 
electric forces overcome the surface tension forces. Eventually, a fine jet is emitted 
from the apex of the liquid cone and the jet undergoes whipping or bending instabilities 
followed by evaporation of solvent producing electrospun nanofibres on a substrate 
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[Zhang and Edirisinghe 2006, Bedford et al. 2011]. This is different from the 
electrospraying process where the jet becomes unstable and breaks up into fine 
monodispersed droplets [Jaworek and Krupa 1999]. The outcome of a polymer 
electrospinning process is influenced by many interrelated variables, including 
operating parameters, such as applied voltage, flow rate, collection distance, nozzle 
design, physical nature and geometry of the collecting substrate as well as other 
material parameters including solution concentration, molecular chain length, viscosity, 
surface tension and electrical conductivity [Matthews et al. 2002, Viswanathan et al. 
2006, Desai et al. 2008, Beachley and Wen 2009, Zhuo et al. 2011, Luo et al. 2012]. 
But the formation of a three-dimensional (3D) nanofibrous structure is a very unique 
and novel phenomenon to study using the electrospinning technique.  
 
In the early 1990s, scientists discovered organic polymers could generate nanosize 
fibres [Reneker and Chun 1996].
 
Since then, many investigations have been conducted 
to study the generation, structure and the properties of fine fibres [Doshi and Reneker 
1995, Fong et al. 1999a and 1999b, Bergshoef and Vancso 1999, Gibson et al. 1999].
 
In 2001, Deitzel et al [2001]
 
observed that the residual charge on polymer solutions 
could be organised into a non-woven textile structure under certain processing 
conditions.  They also observed the evolution of a honeycomb shape. A few years later, 
Thandavamoorthy et al [2006]
 
discovered a self-assembled honeycomb shape of 
polyurethane nanofibres. They also found that the honeycomb structure formed well on 
a low conductivity substrate, and the accompanying nanofibres contained a number of 
beads. Yan et al. [2011]
 
generated self-assembled honeycomb-like structures by using 
polyacrylonitrile, polyvinyl alcohol, and polyethylene oxide, individually. They 
demonstrated that solution properties and processing parameters affect the formation 
and assembly of honeycomb-like structures. Recently, Ahirwal et al. [2013]
 
used both 
simulation and mechanical techniques to form hierarchical structures and explained that 
the repulsive electrostatic force of spun poly(ε-caprolactone) polymer helped to align 
them to form 3D porous structures. They also discovered that by increasing the spinning 
time the pores at the bottom of the structure were smaller than those in the higher layers. 
Despite these reports there is not much research on what conditions are required to form 
such three-dimensional nanofibrous structures on conventional flat substrates. Further 
investigation of the effects of experimental processing parameters and the physical 
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properties of solutions would appear to be promising areas of study. But exactly how 
three-dimensional nanofibrous structures are formed remains unclear.   
Furthermore, the study of the effects of ambient parameters on the formation of 
honeycomb-like nanofibrous structures is still incomplete and needs systematic 
investigation. Hajra et al. [2013]
 
reported that higher temperature caused a better 
electrospun fibrous filtration performance on glass fibre medium, and the glass fibre 
medium assisted the organisation of structures well with higher relative humidity. Mit-
uppatham et al [2004]
 
have observed that the diameter of polyamide - 6 fibres reduced 
by increasing the temperature of the polymer solution. It has been demonstrated that 
thinner poly(vinyl alcohol) nanofibres were obtained at lower humidity and also that 
the rate of evaporation is improved by decreasing the humidity [Medeiros et al. 2008].
 
Increasing the atmospheric temperature caused the diameter of cellulose acetate 
nanofibres to decrease, and higher humidity produced larger diameter nanofibres and 
increased the number of beads on the nanofibres [Hardick et al. 2011].
 
A higher relative 
humidity can also enhance the breakage of poly(ethylene glycol) fibres and disturb their 
morphology [Nezarati et al. 2013].
 
Humidity also affected the pores generated on 
polycaprolactone fibres and, in particular, raising the relative humidity decreased the 
quantity of poly(carbonate urethane) fibres collected [Nezarati et al. 2013].
 
 
Thus many researchers have reported that ambient parameters can affect the 
morphology of fibres prepared from many different types of polymer [Casper et al. 
2004, Fashandi and Karimi 2012, Chowdhury and Stylios 2010, Heikkila and Harlin 
2009, Carnell et al. 2009, Gu et al. 2005].
 
However, there is no focussed research on 
the effect of ambient parameters on the formation and morphology of nanofibres and 
honeycomb-like structures which are important cellular reservoirs [Liang et al. 2013]. 
In particular, there is no systematic study into the effects of changing humidity.  
 
1.1 Aims and objectives  
 
The aim of this research is to understand the fundamental aspects of producing 3D self-
assembled honeycomb-like structure by using the electrospinning technique, such as 
studying the mechanical processing parameters, physical parameters of solutions and 
ambient environment parameters influenced the morphology of nanofibres and pores 
and the formation of honeycomb-like structures. Initially, a systematic and substantial 
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study to understand the solubility of solvent selection and electric spinnability of high 
viscous polymer solution was required before the observation of honeycomb-like 
structure generation. While a desired portion of solvent and solute was selected, which 
was according to good solubility and electrospinnability/electrosprayability. Once this 
preliminary work was completed, the investigation of the different parameters affecting 
the fabrication of honeycomb-like structure could proceed. Therefore, the achievement 
of above objectives was divided into three chapters, as described below.   
 
A solvent selection method was invented for use with both low and high molecular 
weight of polyethylene oxide polymer powder. During the dissolution, the solubility 
and spinnability of polyethylene oxide solution was represented with dissolving in 
different single solvents individually. And the morphology of the droplet and fibre was 
also discussed. Moreover, the mixed solvent was employed to study the solubility and 
electrospinnability of polyethylene oxide polymer as well. In the same way, the 
distribution of fibre/droplet diameter and fibre/droplet morphology was also 
determined. In addition, a high soluble single organic solvent to repeat the investigation 
of solubility and electrospinnability that dissolved the high molecular weight of 
polyethylene oxide polymer, and then the fibre distribution and its morphology was 
able to be collected and defined. 
 
And then, a detailed investigation was made of the parameters that affected the 
generation of honeycomb-like structure. Three different solutions with increasing 
concentrations of polyethylene oxide polymer were used to investigate the diameter and 
the morphology of the pore and the honeycomb-like macrostructure under a constant 
electrospinning condition, and the nanofibre distribution of honeycomb-like structure 
was determined. Both conductive and non-conductive substrates, represented by 
aluminium and glass, were used to examine the diameter and the morphology of the 
pore and the honeycomb-like macrostructure of fibre deposited on the surface of these 
substrates.  The structure collection distance was increased incrementally to investigate 
the change of pore size and its morphology.  
 
Finally, the way in which relative humidity affected the generation and morphology of 
the self-assembled honeycomb-like structure was discovered by systematic laboratory 
testing. And both of the hydrophilic and the hydrophobic polymers were employed in 
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this investigation. The distribution of fibre and pore structure was explained, after the 
honeycomb-like structure was achieved. 
 
1.2 Contents of the thesis  
 
Chapter 1 briefly explains the fundamentals of the electrospinning technique, the 
factors that influence this process, and the purpose of this research. It also introduces 
the aims of the study of self-assembly honeycomb-like structure generation, and the 
factors involved in the formation of this type of structure.  
 
Chapter 2 This chapter explains the historical knowledge of the electrospinning 
process, and the processing parameters, the material properties, and the ambient 
parameters involved that influence the electrospinning technique. The processing 
parameters include the flow rate of electrospinning liquid, the applied field strength, 
the nanofibrous collection substrate, the thickness of the electrospinning nozzle, the 
nanofibrous collection distance between the tip of the nozzle and surface of the 
collection substrate. The electrospinning material properties include the surface 
tension, the viscosity, the electrical conductivity, the dielectric constant, and the 
volatility. The surrounding ambient environment temperature and the relative humidity 
are included in the section on ambient parameters. The method of selection of solvent 
is described that achieves the desired solubility of the polymer and spinnability of the 
electrospun fibre. Furthermore, the various ways of producing electrospun fibres are 
defined in this chapter.   
 
Chapter 3 describes the experimental equipment assembled for this research, the 
materials used, and the methods employed for characterisation of the results. The 
component parts of the experimental equipment and their provenance are given, and 
the related electrospinning procedures described.  
 
Chapter 4 investigates the solubility of polyethylene oxide polymer when dissolved in 
different solvents, and attempts to create two solubility Teas graphs. One is for 
examining the solubility of the lower molecular weight polymer, the other is for 
examining the solubility of the higher molecular weight polymer. The morphology of 
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polyethylene oxide structure is studied by first changing the ratio of solvents used in 
solvent mixtures.  Both the lower and the higher molecular weight of polyethylene 
oxide polymer were employed in this test. Finally, the morphology and the diameter 
distribution of the electrospun fibres were observed by varying the concentration of the 
solution of the higher molecular weight polymer. Polyethylene oxide (PEO) was tested 
to form the porous/honeycomb structure. After above investigation, polymer PEO was 
chosen for further research into forming porous/honeycomb structure. Therefore the 
process parameters of electrospinning and the material properties of PEO solution are 
studied, and how they influence the formation of the porous/honeycomb structure. The 
electrospinnability of each solution is also described in this chapter. 
 
Chapter 5 describes the parameters that influence the generation of 3D self-assembled 
honeycomb-like structure. The method of selection of solvent and solute is laid-out 
based on the observations made in Chapter 4. Accordingly, distilled water was chosen 
as the preferred solvent. The high-density (200,000 g/mol molecular weight) 
polyethylene oxide polymer was selected to be the solute. Firstly, 12 wt%, 14 wt% and 
15 wt% concentrations of polyethylene oxide solution were chosen to discuss the way 
in which the physical parameters affect the formation of the honeycomb-like structure. 
The effect of increasing the solution concentration on the diameter of the honeycomb-
like macrostructure, the size of pores and nanofibres was investigated and discussed in 
detail. The material chosen for use as the collection substrate is another parameter that 
influences the formation of honeycomb-like structure. Accordingly aluminium and 
glass were used to investigate the effect of the material used as the collection substrate 
on the morphology and the diameter of the honeycomb-like macrostructure. The pore 
size variation produced was also determined. The variation of the collection distance is 
one more parameter that influences the deposition of the honeycomb-like structure. The 
most uniform structural morphology was found to be associated with a particular length 
of the collection distance. The dimension and the resolution of the pores are discussed 
while the collection distance is changed.  
 
Chapter 6 determines the relative humidity effects sufficiently the formation of 3D 
honeycomb-like structure. There are two types of polymer employed to explain this 
topic. One is a hydrophilic polymer called polyethylene oxide, the other is a 
hydrophobic polymer called ethyl cellulose. While increasing the level of the humidity, 
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the definition and the deposition of the porous macrostructure are developed gradually 
with electrospinning the hydrophilic polymer solution. But there is not porous structure 
formed with spinning the hydrophobic polymer.  
 
Chapter 7 summarises the experimental results, the collection of which was described 
in Chapters 4, 5 and 6. This is followed by recommendations for future work that will 
improve the morphology of the self-assembled honeycomb-like structure and study the 
theory behind the formation process. Cited literature in this thesis is presented in 
References section.
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2. Literature review 
_________________________________________ 
2.1. Electrospinning 
In general, nanotechnology has been spreading into many areas such as medicine, 
engineering, electronics and textiles. Fabrication of nanofibre can be achieved by 
electrospinning due to its simplicity and suitability for applications involving a variety 
of polymers. Other spinning processes for the fabrication of nanofibres include flash 
spinning, bio-component spinning, force spinning, meltblowing, phase-separation and 
drawing.  
Electrospinning can produce continuous nanofibres from polymer solutions or melts 
under high electric fields. Its origins can be traced back to William Gilbert’s publication 
in 1600AD. Electrospinning is based on the principle of electrostatic instabilities in 
liquids or distortion of a droplet by the application of electric charge [Greiner 2007]. 
The earliest and still the most famous practical application of these instabilities is 
electrospraying. Electrospinning is mainly employed for the fabrication of fibres with 
diameters ranging from tens of nanometres to a few micrometres from a number of 
polymers including both synthetic and natural as well as biopolymers [Huang et al. 
2003]. Generally in electrospinning, a liquid droplet is delivered to the tip of a capillary. 
When an electric field is applied, charges accumulate on the surface of the droplet 
which is drawn out into a conical shape by the applied field.  The resulting cone is 
referred to as a Taylor cone [Taylor 1969]. When the applied electric field strength is 
sufficiently high, a liquid-jet is continuously ejected from the apex of the cone and 
travels towards the grounded collection substrate as a barely visible nanoscale fibre. 
The high charge density on the surface of the fine jet leads to electrical instability, 
making it whip around rapidly. The jet diameter decreases due to stretching and 
evaporation of the solvent. The applications for polymeric nanofibres include formation 
of multifunctional membranes, biomedical structural elements such as scaffolding used 
in tissue engineering, wound dressing, drug delivery, and artificial organs. 
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2.1.1. History of electrospinning 
William Gilbert, a physician, was the first to discover the electrostatic attraction of a 
liquid in the period of Queen Elizabeth 1 of England and Ireland. He was also the 
personal physician of the queen and president of the Royal College of Physicians. He 
investigated the working of the magnetic compass and its resemblance to the polarity 
of the Earth. He observed that a freely suspended magnet, or lodestone, would rotate to 
align itself so that the south pole of the magnet pointed towards the North pole of the 
Earth. [Gilbert 1600]. In 1665 Robert Hooke investigated that it is possible to make an 
artificial silk by using an artificial glutinous composition, but “it have to be drawn out 
quickly to form small diameter wires” [Hooke 1665].  
In the eighteenth century, scientists focused on the investigation of static electricity. It 
was known that an electrical charge can be built up by sliding contact between two 
materials such as amber and fur, and that this can be discharged in a momentary flow 
of a very small current.  Investigation of this and associated phenomena had been 
continuing throughout the nineteenth century. The result was that knowledge and skill 
in the generation of electricity had developed to a level sufficient to achieve inductive 
generation of high voltages.  In 1744, Professor Bose discovered how to form aerosols 
by the application of high electric potentials to liquid droplets [Greiner & Wendorff 
2007]. He also developed the static electricity generating machine by adding an extra 
electrical charge collector. Meanwhile, he repeated the same experiment in an insulated 
platform by requesting two human subjects to pass a static shock through touching each 
other's bodies. In 1744 he published other experimental results about the discharge of 
static electricity through a table [Bose 1744]. He also tried to transport an electrical 
charge through a large body of water, and accidentally shocked his assistant during the 
test [Benjamin 1898]. Giovanni Battista Beccaria published an article which was called 
"D'ell Electrismo Naturale et Artificiale" in 1753.  It reported that a charged fluid 
evaporated faster than an uncharged fluid [Morton 1902].   
In the nineteenth century, a Manchester silk manufacturer who was called Louis 
Schwabe invented an extrusion spinneret. He used glass as a spinning material to make 
some pieces of glass damask, and displayed them at the Manchester Mechanics Institute 
in 1840 [Anon 1840]. Schwabe described "carrying out experiments which would lead 
to the discovery of a substance which would form a homogeneous mass possessing the 
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quality of ductility and susceptible of being drawn out through fine holes, or otherwise, 
into filaments or fibres possessing suitable strength and other properties to adapt it for 
manufacturing purposes."[Hard 1939], which he was interviewed by the British 
Association in the Manchester Courier. Unfortunately, Schwabe only provided a 
method for generating fine fibres, but didn't discover an appropriate material to 
complete his idea. One year after, Christian Friedrich Schönbein demonstrated that 
nitrocellulose could produce fibres with Schwabe's procedure. In the same year, at the 
laboratory of Professor Théophile Pelouze, research was undertaken using different 
nitrocellulose compounds to generate fibres.  They used a mixture of ethoxyethane and 
ethanol as a co-solvent to dilute nitrocellulose into a clear viscous solution. This was 
used in early photographing techniques as a medium for light active chemicals, and it 
was also used for early electrospinnng research. In 1855, George Audemars published 
a patent, which described a method for spinning cellulose, which was extracted from 
the mulberry tree. Audemars also described how a needle was dipped into a silk 
solution, stretched out into a thread, and wound the thread on a bobbin [Gordon-Cook 
2003]. Subsequently, Joseph Antoine Ferdinand Plateau developed the method of 
vertically falling column of liquids [Plateau 1873]. Plateau demonstrated how when an 
electric current was passed through molten iron, the flowing iron formed into spherical 
beads. He also invented a device that was capable of creating a "wire" of liquefied 
mercury. He calculated that if the length of the column was more than 3.13 to 3.18 
times its diameter, then it could break up into droplets. John William Strutt is also 
known as Lord Rayleigh.  He did experiments on the stability of charged water droplets 
[Strutt 1882], determining the theoretical charge required to cause a water droplet to 
break up when it reached a certain size. He was also interested in discovering how an 
electrical charge would affect the stability of the water jet. He found that the stability 
of a water jet decreased as the electric charged increased to a desired degree [Strutt 
1879]. In 1889, Comte Louis-Marie Hilaire Bernigaud de Chardonnet, was also called 
Hilaire de Chardonnet, advised that the technique commonly used in the production of 
silk thread could be copied to use on collodion. This clear glue-like liquid could be 
made to spin out from a glass capillary. He also employed Joseph Swann's ammonium 
sulphide technique to improve the quality of collodion fibre [Fenichell 1996]. In 1888, 
Charles Vernon Boys was a physicist and instrument creator. He invented and built a 
torsion balance equipment to estimate the universal gravitational constant [Strutt 1944]. 
But there was no fibre suitable for use for the torsion balance equipment. Therefore he 
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tested many viscous liquids to form fibres by using the old electrical spinning technique 
[Boys 1887]. These included shellac, beeswax, sealing-wax, gutta-percha and collodion 
as the spinning materials. He also noticed this electrical spinning technique was 
controllable by adjusting the melting temperature, thus the morphology of the fibres 
were beaded. However, Boys chose melting quartz as an appropriate spinning material. 
But the material was not good for electrical spinning, so he designed a new method of 
spinning fibre, which involved connecting a fragment of melted quartz to a crossbow 
bolt, heating up the fragment and then firing the crossbow. The resulting fibre was 
wound on to a wooden mould. In 1892, Charles F. Cross and Eward J. Bevan were 
studying a method of developing the brightness of the surface of cotton thread.  They 
were using caustic treatment in an attempt to solve that problem. They mixed cellulose 
with sodium hydroxide and carbon disulphide to achieve cellulose xanthate, and then 
solidfied the spun cellulose xanthate in sulphuric acid [Clayden 2001]. Furthermore, 
Charles added an extra step to make the flowing viscous liquid to "ripen" by leaving it 
to be stable. He designed a fibre-making device, which was called a Topham Box. The 
fibre was collected on a bobbin during spinning. In 1920s, this fibre forming technique 
became more popular to produce the artificial fibres for the market.  
In the twentieth century, John Francis Cooley was an inventor and an electrician. He 
created a steam engine and tried to build a flying object, but this was not successful.  
He also published three patents dealing with improvements to the electrospinning 
technique. In his electrospinning process, nitrocellulose material was dissolved in ether, 
and spun out from a nozzle at the end of the inner of a pair of co-axial tubes.  The outer 
tube was used to project a shrouding jet of solvent, comprising a mixture of benzene 
and toluene, to slow down the evaporation of the ether and hence prevent the 
nitrocellulose material from blocking the inner nozzle. In 1912 W.B. Wiegand and B.F. 
Burton published a paper which presented the effect of electricity on a stream of water 
drops [Burton and Wiegand 1912]. From 1907 to 1920, John Zeleny designed an 
electrical scope to estimate the electric charge. He also published some papers 
discussing the electrical discharge on solid and liquid surfaces [Zeleny 1907]. His result 
showed the main factor affecting the discharge current was the size of the electrode. By 
1914 Zeleny worked on discharging on the surface of the liquid [Zeleny 1914]. At the 
same time, he used the same apparatus to observe the breaking up of the liquid from 
the meniscus [Zeleny 1914].  He later used high definition photography to observe and 
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record how a liquid jet split from the tip of a capillary [Zeleny 1917]. He found out the 
lag relation between the electromotive force and the reaction of the meniscus [Zeleny 
1920]. Professor Kiyohiko Hagieara, at the Imperial University of Kyoto, worked 
mainly on the production of silk [Hagieara 1924] and artificial fibres. His discovery 
was about using charged viscous solution to generate artificial silk [Hagieara 1927]. In 
the meantime, Professor Hagiwara examined many other types of materials for 
electrospinning generation, such as nitrocellulose, cellulose acetate, gelatine, albumen, 
and natural silk solution. He improved the electrospinning process by increasing the 
oscillating current to 80 Hz [Hagiwara 1927 & 1929]. The benefit of increasing the 
current was an improvement in the spinning speed and an enlargement in the fibre 
diameter. Anton Formhals published 22 patents that related to his work on 
electrospining. His research contribution was huge and valuable for the field of artificial 
fibre production. In 1934, Formhals invented a machine based on a saw-toothed rotating 
fibre nozzle [Formhals 1934]. Formhals also advised that the spinning fibre was 
possible to pass through a coagulating bath if it was necessary. In 1937, Formhals 
concentrated on the invention of the emitting nozzle [Formhals 1937]. After that, his 
following design was about the controlling of fibre length [Formhals 1938]. This was 
observed by controlling the current charge to the multiple spinning nozzles. In this 
experiment, each spinning emitter was fed from a manifold and maintained at a constant 
pressure by a header tank. A slatted belt was used as a substrate to collect the fibre. 
Furthermore, this invention was improved by adding a rotating notched disc with the 
slatted belt, and supplies more fibres on the belt. In 1939, Formhals studied how to 
control spinning fibre by varying the electrical field [Formhals 1939]. In this case, the 
fibre was collected between two parallel electrical wires which they were connected to 
a voltage supply of up to 100 kV. The electric field force was used to control the 
deposition of fibre.  One year later, Charles Ladd Norton applied high voltage power to 
supply on the Crookes tube as an X-ray source [Norton 1940]. In his another patent, he 
suggested using a combined electric force and air-jet method for the melt-spinning 
process [Norton 1936]. In this device, he used deflector plates and charged them up to 
2 kV AC, to produce the lofted fibres which are required for insulation and packing. 
Also the air blast technique was required in this patent.  It was used to decrease the 
charge on the fibres, and then upgrade the rate of deposition. Norton was the first 
scientist to refer to the melt electrospinning method. Two years later, Norton was keen 
to investigate the production of fireproof fibrous materials. Therefore Games Slayter 
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discovered a way of making glass fibre for fire protection [Slayter 1938]. Slayter 
described on his patent that the generation of glass fibre was achieved by the use of air 
blast in the melt electrospinning process. This method of production was applied in the 
Owens Corning Corporation, and extensively employed for fire prevention material in 
naval ships. In the late 1930s, the production of ultrafine fibres technology was 
researched by Nikolai Albertowich Fuchs [Spurny & Marijnissen 1998]. By 1938, Igor' 
Vasil'evich Petryanov-Sokolov and Natalya D Rosenblum used electrospinning to 
produce material that improved filter design. They were awarded the Stalin Prize, and 
named the improved filter the "Petryanov filter"[Spurny 1982]. Their invention was 
widely used in the manufacture of electrospun air filtering for gas masks. The filter was 
extensively supplied in the nuclear industry in the early 1950s [Anon 2007]. In 1952, 
Bernard Vonnegut and Raymond L. Neubauer were interested in investigating the 
formation of liquid jets by electrostatic field force [Vonnegut & Neubauer 1952]. Three 
years later, Vadim Drozin studied the generation of liquid streams and droplets, 
produced by electrostatic force [Drozin 1955]. From 1964 to 1969, Sir Geoffrey Ingram 
Taylor mainly concentrated on the theoretical research of electrospinning. Taylor 
generally made a huge contribution to the work of mathematical modelling of the 
morphology of the cone generated by the liquid droplet under a certain electrical field 
force [Taylor 1964]. This shape of droplet was well known as the Taylor cone. In 1971, 
Peter Karl Baumgarten designed a method for photographing electrospun fibres, and 
also discovered the parameters influencing the jet length and fibre thickness 
[Baumgarten 1971]. Ten years later, in 1981, Larrondo and St. John Manley upgraded 
the invention of the melt electrospinning machine [Larrondo and Manley 1981]. This 
device was used to test the flow regime of fibre generation by means of the addition of 
tracer particles to the polymer solution. They employed polyethylene and nylon as 
research polymer materials to find out the performance of solution droplets with 
particular reference to the characteristics of a pendant spherical droplet.  
In the early 1990s, several research groups [Doshi and Reneker 1993 & 1995, 
Sirinivasan and Reneker 1995, Reneker and Chun 1996, Fang and Reneker 1997, Liang 
et al. 2014] demonstrated that many organic polymers could be electrospun into 
nanofibres. Since then, the number of publications about electrospinning has been 
increasing exponentially every year. Table 2.1 lists developments in electrospinning 
techniques from their beginning. 
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Table 2.1. Evolution of electrospinning. 
Evolution of electrospinning 
Order number Date of publication Authors 
Discussion of electricity 
and magnetism 
1600 William Gilbert 
Invention of artificial silk 1655 Robert Hooke 
Observation of aerosol of 
charged liquid 
1744 Georg Matthias Bose 
Rate of evaporation of 
charged liquid 
1753 Giovanni Battista 
Beccaria 
Invention an extrusion 
spinneret 
1840 Louis Schwabe 
Production of 
nitrocellulose fibres 
1841 Christian Friedrich 
Schönbein 
Production of nitrate 
cellulose fibres 
1841 Théophile Pelouze 
Methodology of spinning 
cellulose fibres 
1855 George Audemars 
Observation of the 
characteristic of columns 
of liquefied iron and 
mercury 
1873 Joseph Antoine Ferdinand 
Plateau 
Investigation of the 
stability of the charged 
water droplets 
1882 John William Strutt 
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Production of spinning 
collodion 
1889 Hilaire de Chardonnet 
Production of stable fibres 
with employing a torsion 
balance equipment 
1888 Charles Vernon Boys 
Development the 
brightness of the surface 
of the cotton thread 
1892 Charles F. Cross and 
Eward J. Bevan 
Development of the 
electrospinning technique 
1900 John Francis Cooley 
Investigation of the 
surface tension and the 
electrical charge effect the 
stream of water drops 
1912 W.B. Wiegand and B.F. 
Burton 
Invention of an electrical 
scope to estimate the 
electric charge. 
Observation of the 
electrical discharge on 
solid and liquid surfaces. 
And other parameters 
effect the charged liquid. 
1907-1920 John Zeleny 
Production of silk and 
artificial fibres 
1924 Kiyohiko Hagieara 
Effection of high voltage 
in electrospinning process 
1927-1929 K. Hagiwara 
Invention and 
development of 
electrospinning device 
1934-1939 Anton Formhals 
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Generation of the glass 
fibre 
1938 Games Slayter 
Production of electrospun 
fibres for gas masks 
1938 Igor' Vasil'evich 
Petryanov-Sokolov and 
Natalya D Rosenblum 
Investigation of fibre 
production 
1940-1942 Charles Ladd Norton 
Investigation of liquid jets 
by electricstatic field 
force 
1952 Bernard Vonnegut and 
Raymond L. Neubauer 
Observation of liquid 
streams and droplets 
1955 Vadim Drozin 
Investigation of Taylor 
cone 
1964-1969 Sir Geoffrey Ingram 
Taylor 
Investigation of the 
parameters influencing the 
jet length and fibre 
thickness 
1971 Peter Karl Baumgarten 
Development of melt 
electrospinning machine 
1981 L. Larrondo and St. John 
Manley 
 
Invetigation of processing 
parameters, morphology 
of electrospun fibres, 
developments of 
electrospinning devices 
1990s to 2014 Darrell H. Reneker et al. 
Oliver Hardick et al. 
Tian Liang et al. 
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2.1.2. Description of electrospinning methodology  
The main components of the equipment used in the electrospinning process comprise a 
voltage supplier, syringe pump, silicone tube, electrospinning metal nozzle with small 
diameter, and a metal collecting platform supporting the collecting substrate on which 
the electrospun fibres are deposited. In the electrospinning process a high voltage is 
used to create an electrically charged jet of polymer solution. Before reaching the 
collecting substrate, the jet of polymer solution evaporates or solidifies and is collected 
as an interconnected web of small fibres. One electrode is placed into the spinning 
solution and the other attached to the collector platform in order to ground the substrate. 
Generally the substrate is always grounded. An electric field is applied between the end 
of the needle that contains the polymer solution held by its surface tension, and the 
collecting platform. This induces a charge on the surface of the polymer solution. 
Mutual charge repulsion and the contraction of the surface charges to the counter 
electrode cause a force directly opposite to the surface tension. As the intensity of the 
electric field is increased, the hemispherical surface of the fluid at the tip of the needle 
is stretched to form a conical shape known as the Taylor cone. By further increasing 
the electric field force, a critical value is attained at which the repulsive electrostatic 
force overcomes the surface tension and the charged jet of fluid is ejected from the tip 
of the Taylor cone. The discharged polymer solution jet undergoes an instability and 
elongation process, which allows the jet to become very long and thin. 
Between 1934 and 1944, Formhals took out a sequence of patents [Formhals 1934, 
1937, 1938a-c, 1939a-c, 1940, 1943, 1944], which described an experimental device 
for the formation of polymer fibres by applying electrostatic force. He used cellulose 
acetate as the polymer solution, which was spun by electrical field force. The electric 
field force came from two electrodes of opposite charge. One electrode was connected 
into the polymer solution, the other electrode was attached to the collecting substrate. 
As the charged solution was spinning out from the orifice of the jet, the solvent 
vaporized causing the formation of fibres, which landed on the collector platform. 
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Fig. 2.1. Schematic diagram of electrospinning setup. 
Formahals found that the formation of fibres was affected by the molecular weight of 
polymer and the viscosity of polymer solution. He also demonstrated that the rate of 
evaporation of the spinning solution was controlled by the distance between the 
collector and the jet. If the distance was short, the fibres would glue to each other as 
well as to the collector. Nearly 10 years later, in 1952 Vonnegut and Neubauer invented 
an improved apparatus. It was assembled by using a capillary with a diameter of a few 
tenths of a millimeter, and drawing down the capillary into a glass tube. This glass tube 
was topped up with water or other liquids and charged by voltage power machine, 
which could go up to 10 kV [Vonnegut and Neubauer 1952]. Three years later, Drozin 
created dispersion equipment for the production of aerosols under high electrical charge 
[Drozin 1955]. He designed an aerosol dispersion machine, which was similar to 
Vonnegut and Neubauer creation. He discovered that when the experiment reached a 
certain condition and used an appropriate liquid, the liquid would come out from the 
capillary to form a highly dispersed aerosol. He also captured images of the aerosols. 
In 1966, Simon invented an apparatus for the generation of ultra-thin lightweight of 
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artificial non-woven fibres with multi patterns using the electrospinning process 
[Simons 1966]. The positive electrical charge was applied to the polymer solution, the 
negative electrical charge linked with a belt of the fibrous collector. Simons 
investigated the morphology of the fibres, which he found to be shorter and thinner 
when solutions of low viscosity were employed. On the other hand, use of high 
viscosity solutions produced continuous longer fibres. In 1971, Baumgarten designed 
an electrospinning apparatus which was able to reduce the diameter of the fibres to 
within the range of 0.05-1.1 microns [Baumgarten 1971]. The charged viscous polymer 
solution was dispersed from a stainless steel nozzle to form fibres.  The flow rate of the 
solution was varied by varying the speed of a flow rate machine. The solution was spun 
by the electrical field force, which was generated between the charged solution 
(supplied from the voltage dc current machine) and a metal collector (connected with 
the ground). The electrical spinning machines in use since 1980 are more or less similar 
to Baumgarten's design.  
2.2. Electrospinning process 
2.2.1. Electrical charging of the solution to form a conical cone 
To form a conical-shaped droplet is an important procedure to form a stable jet in an 
electrospinning process. When an electrical force is applied to an emitting high 
viscosity polymer solution, a pendant droplet is generated at the orifice of the emitting 
nozzle. An electrical field force is applied to the surface of the droplet. When the 
electrical field force overcomes the surface tension, the droplet changes its shape from 
hemispherical to conical. This conical shape is also called as Taylor cone [Taylor 1964]. 
The cone angle is 49.3° [Sautter 2005, Sill et al. 2006, Garg et al. 2011]. Fig. 2.1 shows 
the development of the Taylor cone starting from a hemispherical droplet. When the 
intensity of the electrical field force (𝑉) is increased to a critical level (𝑉𝐶),the electrical 
field force is greater than the surface tension force, and the hemispherical droplet is 
forced into the shape known as the Taylor cone. The highest charge density occurs at 
the apex centre of the Taylor cone, where the electrospinning jet is formed.  
The angle of a cone depends on the elastic force and the surface tension in the fluid. As 
the electrical field force is increased it overcomes the surface tension force, and a thin 
electrically charged jet is emitted from the apex of the Taylor cone. This cone is formed 
at the critical voltage 𝑉𝐶 which is given by the formula: 
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𝑉𝐶 = 4
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2 𝜋 (𝑙𝑛
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𝑟𝑜
−  
3
2
) (0.117𝜋 𝛾 𝑟𝑜)
                                                             (2.1)
 
𝑉𝐶 is the critical voltage. 
ℎ is the distance between the orifice of the nozzle and the surface of the collection 
substrate. 
𝐿𝑙 is the length of the nozzle. 
𝑟𝑜 is the inner radius of the nozzle. 
𝛾 is the solution surface tension coefficient. 
 
Fig. 2.2. Formation of Taylor cone [Sautter 2005]. 
2.2.2. Whipping instability of emitting jet 
A charged liquid jet is pulled out from the orifice of an emitting nozzle. When the liquid 
jet is pulled to a certain length the jet starts to bend and whip. The lashing jet exhibits 
a non-axisymmetric instability, which is called whipping instability. to achieve very 
long and thin fibres [Bhardwaj 2010, Huang et al. 2003, Greiner and Wendorff 2007]. 
While the fibres are flying towards the collection substrate, the solvent evaporates and 
the solution tends to dry as it is drawn from micrometer size down to nanometre size 
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[Greiner and Wendorff 2007]. The photograph on the left of Fig. 2.3 shows the form 
taken by the jet of extruded solution as it whips repeatedly backwards and forwards 
during its progress towards the collection substrate below, forming a series of repeated 
loops under the influence of the electric field applied between the nozzle and the 
collector platform. The process is illustrated schematically on the right of Fig. 2.3 which 
indicates how the jet of fibre is swirled into a series of primary loops (envelope cone) 
which develop secondary loops as the primary loops increase in diameter towards the 
collecting substrate.  The loop diameter increases with distance from the apex of the 
Taylor cone and the fibre becomes finer as it elongates.  The resulting mass of swirling 
fibres form into a conical-shaped stack of continuously-elongating fibre above the 
collection substrate generated on the collection platform.  
 
Fig. 2.3. Schematic diagram and image of nanofibre formation. 
2.2.3. Solidification of electrospun fibre 
The rate of evaporation of solvent depends on the boiling point of solvent. Using lower 
boiling point of solvents, the solvent evaporation causes the spinning jet to become 
unstable, and results in the production of porous fibre [Qian et al. 2010]. The nanofibre 
diameter is increased when a lower boiling point of solvent is used [Yener et al. 2012]. 
The rate of evaporation also affects the morphology of electrospun fibre. Fast 
evaporation generates beaded nanofibres [Tungprapa et al. 2007]. 
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2.2.4. Morphology of fibre 
After the fibre has been generated and the solvent has evaporated, it lands on the 
collection substrate, where it can form various types of morphology. These include 
bead-on-a-string deformation [Eda and Shivkumar 2007, Fong et al. 1999, Lee et al. 
2003], flat ribbon deformation [Zhao et al. 2005], nanopores deformation [Casper et al 
2004], and so on. In general, the type of deformation of the fibre depends on the 
physical properties of the solution, the mechanical processing parameters set, and 
ambient environment parameters that apply.  
While the solution concentration is low, a mixture of beads and fibres is observed [Eda 
and Shivkumar 2007, Fong et al. 1999, Lee et al. 2003]. At a desired concentration of 
solution, the smoothness of nanofibres is improved [Eda and Shivkumar 2007, Fong et 
al. 1999, Lee et al. 2003]. If the concentration is increased to very high levels, fibres 
are hardly formed at all [Yang et al. 2004]. The large molecular weight of some 
polymers favours the generation of ribbon fibres [Zhao et al. 2005]. If the concentration 
of the solution is fixed at some level, reducing the surface tension of the solution 
decreases the number of beads that are formed on the fibres [Yang et al. 2004]. 
Additives that improve the electrical conductivity, reduce the generation of beaded 
fibres [Li and Wang 2013]. Zhang et al. [2005] demonstrated that the diameter of a 
fibre is affected with increasing the electrical voltage. Some researchers have reported 
that increasing the potential difference across the gap separating the aperture of the 
extrusion nozzle and the collection substrate (the collection distance) results in an 
increase in the electrostatic repulsive force acting on the electrospun jet, encouraging 
the thinning of the fibre diameter. Yuan et al [2004] demonstrated that the voltage 
applied influences the morphology and alignment of the fibre structures produced. To 
satisfy the requirements of the application for which the fibre is required, the 
morphology or pattern of the collected fibre may be configured to produce mesh [Wang 
et al. 2005], pin [Sundaray et al. 2006], grid [Li et al. 2004], parallel [Xu et al. 2004], 
rotating rod [Xu et al. 2004], liquid bath [Ki et al. 2007], and so on (Fig. 2.4). At low 
humidity, aqueous solvents may evaporate very fast. On the other hand, at higher 
humidity evaporation will be slower, allowing the generation of thicker fibre. Casper 
et al [2004] reported that changing the ambient humidity can influence the morphology 
of fibres that are produced. 
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Fig. 2.4. SEM images of different fibrous patterns on different types of substrates [Li 
and Wang 2013]. 
2.3. Parameters influencing electrospinning  
There are many parameters that influence the transformation of a polymer solution into 
nanofibres through electrospinning. One group of such solution properties includes 
surface tension, molecular weight, viscosity, electrical conductivity, dielectric constant, 
and volatility. A second group, referred to as process parameters, includes variables 
such as flow rate, applied voltage, collection distance, nozzle length and inner diameter. 
A third group referred to as environmental parameters includes the ambient temperature 
and humidity in the electrospinning chamber.  Investigation into the influence of this 
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third group is not abundant, but environmental parameters do affect the process, and 
their influence will be featured in this research. 
 
2.3.1. Physical parameters 
2.3.1.1. Surface tension  
The surface tension of a solution defines a shape of a cone of solution as it is drawn out 
from the orifice of the nozzle by electric field strength. When the electric field force 
overcomes the surface tension, the droplets dispersed from the nozzle. [Shummer and 
Tebel 1983; Christanti and Walker 2001]. The process of generation of droplets was 
called electrospraying; but the formation of fibres was called electrospinning [Morozov 
et. al. 1998]. The generation of beads on fibres is caused by the action of surface 
tension, which plays an important role in influencing fibre morphology.  
 
Fig. 2.5. Schematic diagram of liquid droplet formation. 
When a droplet of a liquid breaks away from a body of liquid, and the droplet lands on 
a flat surface such as the collection platform, it forms a hemispherical shape (Fig. 2.5).  
This phenomenon provides a famous illustration of the effect of surface tension. The 
explanation of this phenomenon is that there are attractive forces between each liquid 
molecule that hold them together, and attractive forces between the surrounding gas 
molecules in the air that encircles the surface of the droplet. These forces assemble the 
droplet into a semi-circular shape. Therefore the interior forces of the liquid are equal 
to the outer forces, the droplet contracted on the collector. 
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2.3.1.2. Molecular weight and viscosity 
Molecular weight directly controls the viscosity of an electrospinning solution. The 
higher the molecular weight of the polymer used, the greater the viscosity of the 
solution produced when it is dissolved in the solvent, and vice versa. For it to work, the 
electrospinning process requires that the viscosity has to be of the right order.  
The molecular weight of polymer used was increased, so did the diameter of the pores 
of the electrospun fibre [Casper et al. 2004]. In addition, the polymer concentration also 
affects the viscosity of the polymer solution, increasing the concentration of the 
solution increases the viscosity. The effect is the same as increasing the molecular 
weight of polymer used.  As the concentration of the solution is increased, the longer 
molecule chains encourage the generation of continuous fibres in the electrospinning 
process. The number of molecular chains influences the morphology of the fibre 
produced. [Shenoy et al. 2005, Yu et al. 2006, He et al. 2011, Zander et al. 2013, Wang 
and Lin 2013]. If the viscosity of the polymer solution is low, the polymer chain is easy 
to break resulting in an unstable jet. On the other hand, a high viscosity solution is 
difficult to release through the spinning nozzle [Kameoka et al. 2003, Dias et al. 2013, 
Li and Wang 2013] or may even block the nozzle [Hassan et al. 2014]. Furthermore, 
while the viscosity of the polymer solution is increased the solution may quickly dry at 
the orifice of the spinning nozzle [Zong et al. 2002, Demir et al. 2002, Pham et al. 
2006]. 
Some publications have reported that the viscosity directly affects the number of beads 
on the fibres. When the viscosity is too low, large beads formed on the fibres. If the 
viscosity of the polymer solution increased gradually, the number of beads was reduced 
and the shape of the beads was extended from spherical to spindle-like until the fibres 
became smooth long solid tubes [Fong et al. 1999a and 1999b, Zong et al. 2002, Mit-
uppatham et al. 2004, Gary and Bowlin 2011, Li and Wang 2013]. When the viscosity 
is low, fibre was produced with many beads and the fibres easily broke during 
electrospinning. On the other hand, when the viscosity was increased, it was possible 
to spin continuous fibres and to reduce the number of beads or to eliminate them 
altogether. Furthermore at high viscosity the diameter of the spun fibre enlarged 
considerably [Baumgarten 1971, Jarusuwannapoom et al. 2005, Demir et al. 2002, 
Megelski et al. 2002, Beachley and Wen 2009, Li and Wang 2013]. Consequently, the 
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resistance of the high viscosity solution to extrusion increased, requiring a higher field 
strength to force the solution through the nozzle [Baumgarten 1971, Jarusuwannapoom 
et al. 2005].  
The distribution of fibre diameters was found to depend on the interaction between the 
solution and the electrical charges on the jet. The diameter distribution was not always 
uniform.  This was because during the electrospinning process, a secondary jet might 
separate from the main jet, producing finer fibre than its parent jet [Reneker et al. 2000, 
Maheshwari and Chang 2009, Teo et al. 2011]. This result explained the differential 
distribution of fibre diameter obtained in some cases [Demir et al. 2002]. Nevertheless, 
if the viscosity of the polymer solution was increased to a very high level, it might stop 
the secondary jet splitting off from the main electrospinning jet. Therefore, overall, it 
could be said that the diameter of the individual fibre was enlarged with increasing the 
viscosity of polymer solution [Zhao et al. 2004]. 
Meanwhile the dimensions of the spreading area, or cone, of the whipping jet relates to 
the solution concentration. The higher the concentration of solution the higher the 
viscosity. This produces a decrease in bending instability and the spinning area 
becomes smaller. This leads to a reduction in the area of deposition of fibre on the 
collection substrate [Frenot and Chronakis 2003, Mit-uppatham et al. 2004].  
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Fig. 2.6. SEM images of morphology and mean value of nanofibres diameter with 
increasing solution viscosity [Fong et al. 1999a].  
2.3.1.3. Electrical conductivity 
The electrical conductivity of a polymer solution is an important parameter. Therefore 
more electrical charges are transferred through the spinning jet as the conductivity of 
the solution is increased. Also ions indirectly improve the conductivity of the solution. 
If the electric force doesn't stretch the solution properly, then the beads will occur on 
the fibres. For that reason, an addition of salt or polyelectrolyte mixed into the solution, 
will enhance the conductivity of the solution.   
The electrical conductivity caused the generation of smooth fibres and avoided the 
formation of beads on the fibres. As a result, enhancement in the stretching of the 
polymer solution would tend to yield fibres of smaller diameter [Zong et al. 2002, Chen 
et al. 2009, Khalil et al. 2013]. On the other hand, there is a limitation of reducing the 
diameter of fibres. Since the polymer solution was being stretched, a viscoalastic force 
was performed against the coulomb force of the electrical charges [Choi et al. 2004].    
The addition of the ions increases the electrical conductivity of a polymer solution, 
reducing the critical voltage for the electrospinning process to occur [Son et al. 2004, 
Guerrini et al. 2009]. Also, the strength of the electrical charge affects the bending 
instability of the electrospinning jet. Then the generation area of the electrospinning 
fibres was expanded [Choi et al 2004, Son et al. 2004].  
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The electrical conductivity of solvents also influences the formation of fibres. As a 
result, the electrospinning solution used the high level of electrical conductivity of 
solvent to form fibres. This would produce fine fibres or fibres without beads. If the 
solution has zero electrical conductivity, there would no fibre generated 
[Jarusuwannapoom et al. 2005, Kumar et al. 2012].  
The method used to improve the electrical conductivity of the polymer solution is by 
the addition of ionic surfactant to decrease the surface tension of the solution 
[Ramkrishna 2005] such as by adding triethyl benzyl ammonium chloride [Zeng et al. 
2003]. The affect of this method caused the reduction of fibre diameter. Another 
method of improvement of electrical conductivity is varying the pH value of the 
polymer solution. Under a basic condition, the diameter of fibres formed by the 
cellulose acetate solution is shorter than the same fibres formed in a neutral condition 
[Son et al. 2004]. 
Anyhow, by adding ionic surfactant the electrical conductivity of the treated polymer 
solution is increased. While the cellulose acetate was dissolved in an acidic condition, 
the diameter of the electrospinning fibres was enlarged and the electrical conductivity 
of the solution was also increased [Son et al. 2004]. In many investigations, the addition 
of ionic salt could much improve the electrical conductivity of the solution [Sui et al. 
2011, Nayak et al. 2013], also the viscoelastic force is enhanced so that it overcomes 
the coulomb force to cause an extension (thickness) of the fibre diameter [Mit-
uppatham et al. 2004].  
2.3.1.4. Dielectric constant 
The dielectric constant of a solvent reflects its molecular symmetry.  In general, when 
the dielectric constant of a solution is increased, it causes the reduction of both fibre 
diameter, and the occurrence of beads [Son et al. 2004]. Therefore, N,N-
Dimethylformamide was added to a solution to improve its dielectric constant to 
develop the morphology of fibres [Lee et al. 2003]. The increasing the dielectric 
constant of the polymer solution enhanced the bending instability of the electrospinning 
jet. The deposition area of the electrospinning jet was enlarged at the same time. This 
might also facilitate the reduction of the fibre diameter due to the improvement of jet 
length [Hsu et al. 2004].  
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Moreover, the addition of solvent with a high dielectric constant can be used to develop 
the spinnability of a polymer solution. The solvent N,N-Dimethylformamide was added 
to a polystyrene solution and the dielectric constant of the mixed solution was 
improved. This lead to the formation of beads during electrospinning of this solution 
[Wannatong et al. 2004].  
2.3.1.5 Volatility 
During the electrospinning process, the solvent will evaporate as the electrospining jet 
accelerates towards the collection substrate. When most of the solvent has evaporated 
by the time the jet hits to the collector substrate, individual fibres are formed. However 
if the rate of evaporation of the solvent is low such that insufficient evaporation has 
occurred when the electrospinning jet reaches the collector, fibres may not form at all, 
and a thin film of polymer solution is deposited on the collector substrate instead. 
[Ramakrishna et al. 2005]. 
2.3.2. Process control parameters 
2.3.2.1. Flow rate 
Flow rate is the mass of solution that is emitted per unit of time in electrospinning 
process. If the flow rate is increased, both the frequency of occurrence of beads and 
fibre diameter would be increased [Reneker et al. 1996]. However, there is also a 
limitation to the increase in diameter of fibre that can be achieved by increasing the 
flow rate [Rutledge et al. 2001].  
Due to a large volume of polymer solution spinning out from the nozzle, the 
electrospinning jet would take a longer time to dry. In such a case, the electrospinning 
fibre would not get enough time to dry out during the spinning time. The wet fibres 
would glue together where they produced the fibrous webs. A slow flow rate would 
give the electrospining jet more time for evaporation to take place [Yuan et al. 2004]. 
2.3.2.2. Applied voltage 
The applied voltage refers to the potential difference applied across the collection 
distance. It is responsible for creating sufficient field strength to overcome the surface 
tension of the polymer solution and to draw-out the electrospun fibres. In general, a 
voltage higher than 6kV was sufficient to stretch the polymer solution away from the 
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orifice of the electrospinning nozzle to form into the shape of a Taylor Cone [Taylor 
1964]. A flow rate of the polymer solution was already given, and then the voltage 
power was required to maintain the stability of the Taylor cone. The columbic repulsive 
force in the electrospinning jet will draw-out the viscoelastic solution. While the 
applied voltage was increased, the increased field strength would cause the jet to emit 
faster and greater volume of polymer solution will spin out through the orifice of the 
nozzle. Thus, the higher applied voltage formed the smaller and unstable Taylor Cone 
[Zong et al. 2002]. While if the electrospinning jet was charged too high from the 
voltage power supply, the Taylor cone would draw back to the nozzle [Deitzel et al. 
2001].  
The applied voltage and the resultant electric field affected the drawing-out, and the 
acceleration, of the spinning jet.  This also affected the morphology of the 
electrospinning fibres. In many experiments, increasing the voltage would induce a 
higher drawing force due to the bigger columbic forces in the electrospinning jet as well 
as the stronger electric field [Mazoochi and Jabbari 2011]. These could influence the 
fibre diameter [Buchko et al. 1999, Megelski et al. 2002, Lee et al. 2004] and improve 
the speed of evaporation of the solvent [Pawlowski et al. 2005]. If a given polymer 
solution had low viscosity, a higher voltage would easily form the secondary jet during 
electrospinning. This could reduce the diameter of fibre [Demir et al. 2002, Chowdhury 
and Stylios 2010]. Voltage would also influence the flight time of the electrospinning 
jet and hence affect the morphology of fibres. Decreasing the applied voltage, and 
hence the field strength, increased the flight time of the fibre, and therefore the fibres 
formed were finer. As a result, an applied voltage that was just sufficient to reach the 
critical voltage level for electrospinning enabled the generation of finer fibres [Zhao et 
al. 2004].  
A higher applied voltage was found to increase the possibility of the formation of beads 
on the fibres [Deizel et al. 2001, Demir et al. 2002, Zong et al. 2002]. And the shape of 
the beads was found to change from spindle shape to spherical shape as a result of 
increasing the applied voltage [Zong et al. 2002]. The frequency of occurrence of beads 
was also increased by increasing the applied voltage [Jarusuwannapoom et al. 2005]. 
The resulting increase in bead density was thought to be caused by an increased 
instability of the electrospinning jet as the Taylor cone draw back to the nozzle [Deitzel 
et al. 2001, Zong et al. 2002]. Moreover, the increasing voltage would improve the 
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beads density, and the beads would also fuse with the fibres and enlarged the diameter 
of the fibres [Krishnappa et al. 2003]. 
The magnitude of the applied voltage not only affects the physical morphology of the 
fibres, it also affects the crystallinity of the fibres. Increasing the applied voltage has 
been found to cause the crystallinity of the fibres to increase. However, at a certain 
value the crystallinity of the fibres was found to decrease. By increasing the voltage, 
the acceleration of the spinning jet increased, but the flight time of the jet decreased. 
Since the orientation of the polymer molecules would take some time, the decreased 
flight time meant that the fibres would be generated before the polymer molecules have 
sufficient time to align themselves. As a result, under an enough flight time, the 
crystallinity of the fibres would improve with increased applied voltage [Zhao et al. 
2004]. 
The electrospinning process was affected by the electrical charges on the spinning jet. 
Thus the charges could control the direction of the electrospinning jet path. The 
direction of the jet path was controlled by using auxiliary electrodes [Arras et al. 2011] 
or by changing the orientation or shape of the collector [Arras et al. 2011]. The pattern 
of the nanofibre produced could be varied by manipulation of the electric field [Teo 
2011]. 
2.3.2.3. Collection substrate 
The collection substrate is an object for collecting the electrospun fibres in the 
electrospinning process. In most electrospinning setups, the material used as the 
collection substrate is usually conductive. When a conductive material was used as the 
collection substrate, electrical charges on the fibres disappeared, and more fibres were 
attracted to the substrate. This was why a huge amount of fibres were able to pack 
closely together [Liu and Hsieh 2002]. If a nonconductive substrate was used in 
electrospinning process, electrical charges on the electrospinning jet would quickly 
form on the collection substrate.  This resulted in much less fibre deposition [Kessick 
et al. 2004, Liu and Hsieh 2002].  
The nature of the surface of the collection substrate has an influence on the generation 
of electrospun fibres. As the fibres dry faster on a porous collector, it is more likely that 
the residual charges remain on the fibre, which will repel subsequent fibres. However, 
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on a smooth surface, the residual solvents will encourage the residual charges to be 
conducted away to the collection substrate [Ramakrishna and Fujihara 2005]. Mobility 
of the collection substrate was also found to influence fibre formation.  A rotating 
collection substrate was used to collect aligned fibres [Wannatong et al. 2004, Teo and 
Ramakrishna 2008, Leach et al. 2011].  
2.3.2.4. Dimension of Nozzle 
The diameter of the nozzle used for electrospinning is very important when 
electrospinning polymer solutions of increasing concentration.  This is because 
maintaining the flow of highly viscous solutions through a small diameter nozzle 
requires the application of high delivery pressures. In general, there is strong correlation 
between the fibre diameter and the nozzle diameter [Zhou & Green 2006]. It has been 
observed that the average fibre diameter decreases initially as the capillary diameter is 
decreased. However, once the nozzle diameter reaches a critical value, the fibre 
diameter starts increasing significantly [Deng & Liu 2009]. This is because at extremely 
small nozzle diameters a high pressure is required to form the Taylor cone, which in 
turn leads to increased flow of the polymer solution through the nozzle of the capillary, 
resulting in thicker fibres.  
2.3.2.5. Distance between orifice of nozzle and surface of substrate 
The length of the separation between the orifice of the nozzle and the surface of the 
collection substrate is termed the collection distance. It determines the space available 
for fibre to be drawn out from the orifice and to be spun whilst drying as the solvent 
evaporates, before being deposited on the surface of the collection substrate. Change in 
the collection distance affects the fibre diameter. In some experiments, it was found 
that at shorter distance the fibre diameter was coarser, as the jet had not become 
sufficiently thin before being collected. However, only Tian et al. [2009] observed a 
minor effect of collection distance on fibre diameter in 2009. Interestingly, a trend of 
decrease followed by an increase in the fibre diameter was observed when increasing 
the collection distance [Deng & Liu 2009]. As drying of the fibre is essential for 
solidification, a shorter collection distance can result in small amount of fibres being 
deposited, with fusion of the fibres at crossover points. 
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In some cases, the collection distance affected the electrospinning process and the 
morphology of fibres. Changing the collection distance has an influence on both the 
fight time and the electric field strength. For the formation of dry fibres, the flight time 
of electrospinning jet must be sufficient to allow time for evaporation of most of the 
solvent in the wet fibres. If the collection distance was decreased, the spinning jet would 
have a shorter collection distance. This process might then have less time for the 
evaporation of the solvent before the fibre reached the surface of the collection 
substrate. If the collection distance was too short, the spinning fibres would fuse 
together [Buchko et al. 1999]. 
In other cases, the variation of collection distance has only a small effect on the fibre 
diameter, but beads tended to form when the distance was short [Megelski et al. 2002]. 
The generation of beads on the fibres can be caused by increasing the electrical field 
strength. For a fixed electrical charge, shortening the collection distance will increase 
the electrical field strength. As discussed earlier, if the electrical field strength was too 
large, the increased instability of the electrospinning jet might also achieve the 
formation of beads [Deitzel et al. 2001, Zong et al. 2002].  
However, if both the collection distance and electrical field strength are set at an 
optimal level, bead formation would be reduced [Jarusuwannapoom et al. 2005]. In 
another situation, increasing the collection distance could decrease the diameter of the 
fibres [Ayutsede et al. 2005]. The longer distance caused a longer flight time of 
electrospinning jet to be spun before it was deposited on the substrate [Reneker et al. 
2000, Zhao et al. 2004]. Anyhow, increasing the collection distance, the fibre diameter 
increased as well. While the distance increased too far away from the substrate, there 
would be no fibre formation [Zhao et al. 2004].   
2.3.3. Ambient parameter 
In general, the effect of ambient parameters on the formation of fibres in 
electrospinning process is still a developing section to investigate. Temperature and 
relative humidity are the most common ambient parameters that influence fibre 
diameter and morphology.  
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2.3.3.1. Temperature 
The ambient temperature generally influences the performance of solution 
electrospinning process and the morphology of the fibres produced. In some 
experiments, the heated polymer solution performed a better liquid surface than 
performed with the traditional electrospinning process [Liu et al. 2013]. The variation 
of temperature also affects the diameter of fibres. In Fig. 2.7, increasing the ambient 
temperature causes a decrease in the fibre diameter [Dao and Jirsak 2010, Hardick et 
al. 2010]. Furthermore, the morphology of beaded nanofibres could become flat after 
increasing the temperature of the polymer solution [Rodoplu and Mutlu 2012]. 
 
Fig. 2.7. SEM images of fibre distribution with increasing ambient temperature 
[Hardick et al. 2010]. 
2.3.3.2 Relative humidity 
At high relative humidity, it was likely that water condensed on the surface of 
electrospinning fibres when the process was under a normal atmosphere. In this case, 
high humidity affected the morphology of fibres especially the polymer dissolved in 
volatile solvents [Megelski et al. 2002]. However, increasing the relative humidity 
made the circular pores formed to form on the surface of fibres. The diameter of the 
pores increased when the humidity was raised [Casper et al. 2004]. 
For investigating the porous polymeric structure (breath figure), the pores on the 
surface of the structure are observed to form in very moist air (high relative humidity) 
[Srnivasarao et al. 2001]. The relative humidity would also influence the rate of 
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evaporation of the solvent in the polymer solution. At a very low humidity, a volatile 
solvent of polymer solution could dry very fast. And the solvent evaporated faster than 
the spinning speed from the orifice of the nozzle [Baumgart 1971]. But increasing the 
humidity, the diameter of fibres of cellulose acetate solution increased as well [De 
Vrieze et al. 2009].   
2.4. Solvents 
The solvent used in the formulation of the solution used for electrospinning is one of 
the most important factors influencing individual fibre diameter as well as the 
morphology of the resulting mass of fibre deposited on the collection substrate. An 
initial discussion of how the solvent used affects the generation of fibres in 
electrospinning process began early in the 20th century [Doshi and Reneker 1995, 
Reneker et al. 2000]. But there is more scope for more systematic investigation of the 
influence of the use of both single solvents and mixed solvents to be observed. 
2.4.1. Solubility and electrospinnability 
The polymer solubility is use to identify a suitable good solvent in electrospinnning 
technique. The different solution solubility leads to different level of electrospinnability 
[Jarusuwannapoom et al. 2005], a good solvent can fully or completely dissolve the 
polymer and operate a successful electrospinning process [Han et al. 2010]. Tungprapa 
et al. [2007] reported that the cellulose acetate dissolved in eighteen different solvents. 
The resulting solutions were used in the electrospinning process to inspect the 
electrospinnability of the solution. A good solvent (Chloroform, N,N-
dimethylformamide, dichloromethane, methanol, formic acid, and pyridine) generally 
occurred a clear particular polymer (cellulose acetate) to result the solubility, and the 
smoothness of the fibre was improved.  
Some previous cases demonstrated that acetone also dissolve cellulose acetate polymer, 
but this polymer solution was impossible to electrospin, and the solution frequently 
blocked the emitting nozzle. This was because the solvent boiling point was too low, 
and evaporated too rapidly. The same behaviour was observed when chloroform, 
dichloromethane, and methanol were used as solvents [Jaeger 1998, Liu and Hsieh 
2002]. However, the clogging problem could be solved by adding a co-solvent or a 
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modifying liquid. Liu and Hsieh [2002] determined that adding N,N-
dimethylformamide as a co-solvent improved the electrospinnability of the cellulose 
acetate solution.  
Tungprapa et al. [2007] also reported that the high dielectric constant of solvents such 
as N,N-dimethylacetamide and methanol develops the electrospinnability of cellulose 
acetate solution. The solubility of a polymer dissolves in a desired solvent can affect 
the morphology of fibres [Wannatong et al. 2004]. The dielectric constant of the solvent 
and the solubility of the polymer in the solvent both have an obvious effect on the 
morphology of the structure of spun fibre. Haroosh et al. [2011] reported the higher 
dielectric is used in the test, then the increased the conductivity of solution improves 
the production of the fibres.  
2.4.2. Effects on morphology of electrospun fibre 
The morphology of electrospun fibres has an impact on its solubility in the solvent. In 
general, a higher molecular weight of polymer is difficult to dissolve in the solvent, or 
takes a very long time to mix properly with the solvent. On the other hand, a lower 
molecular weight of polymer is fast to dissolve into the solvent. Because the 
intermolecular forces between long chain molecules (higher molecular weight of 
polymer) are stronger than the solvent molecules, they require more time to diffuse into 
the solvent [Ramakrishna et al. 2005].  The surface morphology and diameter of the 
electrospun fibres is controlled by the vapour pressure of the solvent. A solvent with a 
chloroform to methanol ratio of 9 to 1 was used to dissolve cellulose acetate polymer 
to produce rough surface fibres. The rough surface was probably produced by the rapid 
evaporation of chloroform inducing the outer surface of the beads to dry quickly.  
As a consequence solvent evaporation from inside the beads caused the skin of the 
beads to collapse [Tungprapa et al. 2007]. Nirmala et al. [2010] reported that ribbon 
shape fibres were observed when using a mixture of formic acid and dichloromethane 
solvents in electrospinning process. The quick evaporation rate of the mixed solvents 
caused the surface of fibres to shrink and collapse quite fast. The electrical conductivity 
of solvent was found to be another property that affected the diameter of fibres.  
Tungprapa et al. [2007] observed that the large mean value of fibre diameter was 
changed by raising the proportion of acetone in a mixed solvent. It was considered that 
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the reason for this result was that the acetone improved the electrical conductivity of 
electrospun fibres in the electrospinning process. The improved conductivity resulted 
in increased electrostatic force on the spinning jet, increased the jet discharging speed 
and hence reduced the time required for the jet to reach the collection substrate.  
In addition, the boiling point of the solvent used was another factor that affected the 
formation of electrospun fibres. Han et al. [2008] reported that increasing the ratio of 
acetic acid in a mixed solvent produced an increase in the the fibre diameter (Fig. 2.8). 
Choktaweesap et al. [2007] discovered that single solvent acetic acid caused gelatin 
solution to deposit a combination of smooth fibres and beaded fibres using the 
electrospinning process, but the fibres fused together. If mixing dimethyl sulfoxide with 
acetic acid to dissolve gelatin, the electrospun fibres dried faster without fibres fusion. 
Because the boiling point of dimethyl sulfoxide is 189 °C, the solvent in electrpsun 
fibres evaporates fast to achieve dry fibre on the substrate.  
 
Fig. 2.8. SEM images of fibre distribution showing increase in fibre diameter with 
increasing proportion of acetic acid in a mixed solvent [Han et al. 2008]. 
2.5. Various methods of making fibres by electrospinning 
2.5.1. Coaxial electrospinning 
The coaxial electrospinning is a technique to generate fibres with a core-sheath, or 
hollow structure. This electrospinning technique is applicable in the production of 
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nanosensors, controlled release, drug delivery, bioengineering, and scaffolding 
materials. The experimental set up for coaxial electrospinning technology is similar to 
that used for the electrspraying process. Different solutions are used in each of the co-
axial tubes. They are charged in the usual manner. Once the electrical charge is greater 
than the surface tension of the solution, the core-sheath fibre is observed to be emitted 
in the form of a single whipping jet.  
The main difference of methodology is in the use of a coaxial nozzle (Fig. 2.9). It is a 
combination of two tubes comprising a smaller diameter tube nested concentrically 
inside the bigger diameter tube to produce core-sheath fibres. The two emitting tubes 
are connected to two separate plastic syringes, which are connected to two separate 
flow rate machines, see Fig. 2.9. The solution is pushed through the two tubes at the 
same time using the two flow rate machines. The outer fluid drags the inner fluid to 
form a cone-jet (Taylor cone) in the electrospinning process. A core shell structure is 
visible if the two fluids are not integrated. On the other hand, if they are integrate, 
nanopores appear on the fibres [Zeyney et al. 2010]. 
Both of the emitting tubes are conductive, and connected to the high voltage machine. 
The solutions are charged while they are flowing through the tubes. As normal, once 
the field strength is sufficient to overcome the surface tension of the solutions, a Taylor 
cone is formed from the two solutions, and a fine stable jet is draw out from the tip of 
the cone (Fig. 2.10). Before the fibres reach the collection substrate, the jet spins out 
into loops of fibre, the solvent evaporates during the spinning, and core-sheath fibres 
are formed on the surface of the substrate in the same manner as described for 
electrospinning single filament fibres. 
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Fig. 2.9. Schematic diagram of coaxial nanofibre formation in coaxial electrospinning 
setup. 
 
Fig. 2.10. Images of Taylor cone with increasing the electrical charge.  
The solutions fed through the inner and outer nozzles need to be sufficiently viscous to 
form a Taylor cone. Furthermore, the viscosity of the outer solution is crucial as this 
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solution must be electrospinnable in order to form a core-sheath fibre. The viscosity of 
the inner solution needs to be selected so that it forms a continuous inner jet without 
break up.  
Increasing the concentration of the solutions results in an increased diameter of the 
inner jet and overall jet, and an increased diameter of the fibre produced. But it 
decreased the thickness of the outer jet, which due to the mass of the outer shell 
distributed over a larger inner core. 
The interaction between the outer and the inner solutions are a factor to be considered 
while the selection of polymers and solvents desired for the coaxial electrospinning. 
For the generation of coaxial fibres, the solvent in the solutions have to fully dissolve 
the polymers and without precipitation when the two solutions meet at the tip of the 
coaxial nozzle. Besides, the interfacial tension between the outer jet and the inner jet 
has to be low for the successful generation of a stable Taylor cone.  
The solvent vapour pressure affects the morphology of the coaxial structure. The 
solvents with high vapour pressure, the rate of evaporation is fast, forms a thin layer at 
the interface core-shell when the solvent are used for the inner solution. While the 
coaxial fibre completes the solidification and it creates a vacuum, which cause the inner 
core structure to break from the round to ribbon-like configuration under the air 
pressure. Sometimes, the high vapour pressure solvents may not be used in the outer 
solution, and may produce an unstable Taylor cone and lead to multiple jets due to fast 
rate of evaporation. This unstable cone can cause the generation of irregular coaxial 
structure and may also lead to the separation of the core and sheath into different fibres 
formed from the two solutions. 
The electrical conductivity of solutions contains surface charge density that affects the 
elongational force of the electrospinning jet due to self- repulsion of the excess charge 
under an electrical field. A smaller diameter of fibres is obtained under an expanding 
conductivity force of the whipping jet. The electrical conductivity of the core-sheath 
solution also affects the diameter of their fibre generation. Higher conductivity of the 
inner core solution increases the strength of the electrical field force and produces 
discontinuous fibre.  And higher conductivity of outer sheath solution causes a higher 
shear stress on the core solution and results in a thinner diameter of core fibre, but the 
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conductivity of the sheath does not affect the dimension of the core-sheath fibre too 
much. 
2.5.2. Emulsion electrospinning 
The emulsion electrospinning is a methodology used to load DNA into electrospun 
fibres [Sanders et al. 2003]. Fig. 2.11 presents a schematic diagram of the emulsion 
electrospinning set-up. This technique uses a mixture of two solutions in the form of an 
emulsion and forms single fibres using the electrspinning process. A jet is formed as 
described for the electrospinning set-up. The collection substrate is located below the 
nozzle, and is grounded so that the fibre will land on the surface of the substrate in the 
normal way.  
From this the emulsion electrospinning devices setup is easier than the coaxial 
electrospinning set up [Sanders et al. 2003, Xu et al. 2006, Angeles et al. 2008]. The 
emulsion electrospinning technique is used for packing drugs into fibre scaffolds, which 
can be gradually absorbed into the body. From some investigations, this electrospinning 
methodology is usually applied for encapsulating immiscible drugs in the electrospun 
fibres  [Xu et al. 2006, Qi et al. 2006, Xu et al. 2008, Yang et al. 2008, Liao et al. 2008, 
Xu et al. 2009] and for producing sustained release of a drug [Xu et al. 2006, Yang et 
al. 2008, Liao et al. 2008, Xu et al. 2009].  
Early research lead to the production of fibres using a single phase emulsion. The 
morphology of the fibres produced were core-sheathed fibre [Li et al. 2008, Xu et al. 
2006, Xu et al. 2008, Yang et al. 2008, Klemm and Shastri 2009], beaded fibre [Qi et 
al. 2006, Angeles et al. 2008, Klemm and Shastri 2009], and a dispersion of the 
separated phase inside the polymer fibre [Xu et al. 2008, Liao et al. 2008].  
The main application of emulsion electrospinning is the generation of drug reservoirs 
inside polymer fibres, the factors influencing the morphology of fibre has been 
discussed [Qi et al. 2006, Xu et al. 2008, Liao et al. 2008].  
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Fig. 2.11. Schematic diagram of emulsified nanofibre formation in emulsion 
electrospinning setup. 
The inconvenience of the generation of fibre requires the emulsified solution to 
maintain the stability of the emulsion in emulsion electrospinning process. For stopping 
the phase separation, an emulsifying agent is needed to be added into the mixture of the 
polymer and drug solution. This agent added solution has to be carefully controlled to 
avoid the solvent rate of evaporation otherwise it can influence the solution property 
for using in emulsion electrospinning process. In addition, for some research, if an ultra 
sound sonicator is engaged to enhance the mixedness of the solutions, the damage of 
the drugs is considered, such as protein and DNA. Sometimes, the emulsifying agent is 
not always helpful for the formation of fibres. Moreover, the stability of the electrospun 
fibre is usually not static during the process. It will require a longer time to achieve a 
stable spinning jet, and adjust the flow rate to a critical speed, and enhance the stability 
of the spinning jet as well. 
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On the other hand, keeping the stability of the mixing solution to be electrospun, a 
device can be used to mix the solution and maintain the emulsion without adding 
emulsifying agent. However, the main consideration for the generation of fibre in 
emulsion electrospinning process is reducing the interference of mixing the solution to 
minimum. The collection distance of fibre between the nozzle and the substrate is 
required to be desired, and the electrical field force to draw the solution is demanded to 
be critical. 
2.5.3. Melt electrospinning 
The melt electrospinning is a type of electrospinning methodology that is used to form 
fibrous structures from polymer melts, rather than solutions. The distinguishing 
characteristic of this technique is that the movement of the collection substrate can be 
controlled in order to generate a 3D structure (Fig. 2.12 and 2.13). This electrospinning 
technique improves the output of electrospun fibre and avoids the health risk posed by 
solvent-based electrospinning [Hutmacher and Dalton 2011]. This technique is also 
used for some polymers for which no solvent has been found that will completely 
dissolve them. For the previous investigation in melt electrospinning, they reported the 
production of fibres in the tens of micron diameter range.  
The viscosity of polymer solution influences the diameter of fibres in melt 
electrospinning process. At high viscosity, the diameter of fibre is improved during 
electrospinning. Because the viscosity increases very high, the emitting jet is extended 
from the tip of nozzle to the collection substrate and the bending instability decreased. 
While the polymer is properly dissolved in the solvent, and increases the melting 
temperature on the heating device to reduce the solution viscosity, then the diameter of 
fibre is much developed [Ogata et al. 2007]. Ko et al. [2013] discovered that improve 
the heating temperature of solution increases the fibre dimension.  
On the other hand, while the diameter of fibre is increased the melt viscosity is 
decreased at the same time. Ko et al. [2013] also discovered the lower viscosity of 
solution at higher temperature spins out a larger amount of solution, thus the diameter 
of fibre is increased at deposition. But the overheating of the solution can cause the 
extensive degradation or decomposition of the material. Dalton et al. [2007] reported a 
higher viscosity affected the additive in the solution, hence the fibre diameter was 
reduced to less than 1 micron. Polyethylene glycol polymer has shown an addition of 
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plasticizer decreased the size of the polymer melt. The additional plasticizer produced 
the desired reduction in fibre diameter, and the electrospinning temperature needs to be 
increase at the same time to enhance the reduction of fibres [Yoon et al. 2013].  
 
Fig. 2.12. Schematic diagram of fibre formation in melt electrospinning setup. 
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Fig. 2.13. SEM image of electrospun polycaprolactone fibre deposited on the 
automated stage [Brown et al. 2011]. 
The addition of additive agent into the solution normally results in the reduction of fibre 
diameter. This reduction of fibre diameter can be produced using a polar additive, such 
as stearic acid or sodium stearate. The polypropylene fibre dimension is influenced by 
adding either sodium stearate or stearic acid [Chen et al. 2014]. Nevertheless, higher 
concentration of the additive agent directly controls the improvement of fibre diameter. 
On the other hand, the higher concentration of additive agent, may also achieve less 
uniform distribution and lower electrospinning force across the spinning jet that results 
in thicker fibre diameter. 
The fibre collection distance affects the size of fibre in melt electrospinning process. 
Ogata et al. [2007] reported that the collection distance did not influence the fibre 
diameter dramatically. Fang et al. [2012] demonstrated that expanding the collection 
distance, the fibre diameter increases while other conditions keep it constant. The 
electrical field strength is reduced when the collection distance is enlarged. Ko et al. 
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[2013] also discovered that by increasing the fibre collecting distance the diameter of 
fibre increased. Overall, these cases also show the fibre diameter increases when the 
collection distance is extended, and the electrical field force is affected when the 
distance is changed.  
The outlet size of a nozzle is also a factor to control the fibre dimension in the melt 
electrospinning process. If the nozzle diameter is very small, the emitting jet may not 
be uniform. But if the diameter is too large, the electrospun melt can produce thicker 
fibre. Ko et al. [2013] reported that electropun polycaprolactone fibre increased from 
10 μm to 220 μm, when the nozzle diameter enlarged from 150 μm to 1.7 mm in the 
melt electrospinning process. 
Another significant parameter that affects the fibre formation is mass flow rate in melt 
electrospinning process. A smaller Polylactic acid fibre diameter is produced by 
adjusting the reduction of mass flow rate in melt electrospinning technique [Yoon et al. 
2013]. And the Taylor cone size is decreased when the flow rate is reduced [Yoon et 
al. 2013]. On the other hand, if increasing the flow rate, the field strength must be 
increased to produce a sufficient spinning force on the emitting melt [Brown et al. 
2014]. 
2.5.4. Centrifugal electrospinning 
Centrifugal electrospinning is a technique that has been developed to generate aligned 
nanofibres [Weitz et al. 2008, Badrossamay et al. 2010, Senthiram et al. 2011]. This 
method (Fig. 2.14) employs the centrifugal force and electrical field force to spin and 
form nanofibres under certain processing and physical conditions. The polymer 
solution emitter is generally connected to a rotating reservoir, or it may deliver the 
solution into a rotating reservoir from which it spins the solution out from an orifice on 
the reservoir. The electrical field force is applied between the conductive emitter and 
the conductive collector. When the electric current is connected to the emitter, and the 
rotating reservoir is spun, both the electric field force and centrifugal force overcome 
the surface tension of the polymer solution at the orifice of the emitter. Nanofibres are 
formed and then elongated from the surface of collector, which is opposite the reservoir. 
This unique electrospinning method is effective in producing a large amount of aligned 
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nanofibres or nanofibrous structures. They have applications in the medical field, 
biotechnology and food industry [Edmondson et al. 2012]. 
 
 
Fig. 2.14. Schematic diagram of fibre formation in centrifugal electrospinning setup. 
The generation of aligned nanofibres is affected by the processing and physical 
parameters employed, such as collection distance, velocity of rotation of the reservoir, 
applied voltage, and concentration of polymer solution. The aligned nanofibres are 
deposited by centrifugal spinning at the optimised parameters.  
The magnitude of the collection distance influences the speed of solvent evaporation 
and the solidification of the spinning solution jet. Liu et al. [2013] reported that the 
optimum collection distance is between 2.0 and 4.0 cm, but a larger collection distance 
requires higher rotational speed to produce a straight, elongated and aligned jet. When 
the collection distance was set at 2.5 cm, a solution of polystyrene with a concentration 
of 18 wt% produced highly aligned fibres. 
Speed of rotation of the reservoir is another important influence on the morphology of 
nanofibres. Edmondson et al. [2012] discovered that a polyvinylidene fluoride solution 
formed beads-on-a-string structure when the rotational velocity was varied between 0 
and 100 rpm. When the rotational velocity was increased to 200 rpm, the centrifugal 
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force overcame the surface tension of the solution, and the beads disappeared. If the 
velocity kept increasing to 300 rpm, a few beads appeared again. Until the velocity 
reached 400 rpm, only beads were observed in the centrifugal electrospinning process. 
The dimension of nanofibres decreases with increasing rotating speed [Mahalingam 
and Edirisinghe 2013]. On the other hand, thicker nanofibres are achieved with slower 
rotating speed [Badrossamay et al. 2010, Edmondson et al. 2012] 
The alignment of the nanofibres is affected by varying the voltage. Liu et al. [2013] 
reported that highly aligned nanofibres were produced when the applied voltage was 
adjusted to 6.0 kV. But if the electric voltage is low, the weaker electrical field force is 
not strong enough to elongate the nanofibre in a linear or straight fashion and columnar 
structure is formed instead. 
Polymer concentration is an influential factor for the generation of nanofibres. 
Disordered beaded nanofibres were formed using 8 wt% concentration of polymethyl 
methacrylate solution [Liu et al. 2013]. At a concentration of 13 wt% straight and 
aligned nanofibres were observed [Liu et al. 2013]. Edmondson et al. [2012] 
demonstrated the formation of disconnected electrospun fibres at very low 
concentration of polyvinylidene fluoride solution; continuous fibres with large diameter 
were produced at very high concentration of the solution. 
2.5.5. Self-assembly electrospinning 
In self-assembly electrospinning technique, the electrospun nanofibres are used to 
build-up ordered structures. Various cases involving self-assembly using 
electrospinning have been reported by Thandavamoorthy et al. [2006], Yan et al. 
[2010], Sun et al. [2012], Tiago et al. [2013], Liang et al. [2013], Deepak et al. [2013], 
Tang et al. [2014]. The methodology of self-assembly fibre generation employed high 
viscosity solutions that were electrospun through a single nozzle. One end of the nozzle 
was connected to a plastic syringe with silicone tubing. The plastic syringe was clamped 
onto a syringe pump to control the solution flow rate. The other side of the nozzle was 
connected to a high voltage power supply and it was used to vary the electric field 
strength between the orifice of the nozzle and the collecting substrate. A stainless steel 
laboratory jack was placed underneath the nozzle and it was kept grounded. A specified 
type of substrate was placed on the laboratory jack to collect the fibre structure (Fig. 
3.6). 
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The concentration of electrospinning solution effects the generation of structure. Yan 
et al. [2010] demonstrated that the self-assembly formation could be achieved with 
using low concentration of solution,  and the nanofibrous pore walls are built by 
nanofibres merging with each other. Another report discovered that by increasing the 
solution concentration the diameter of the self-assembled macrostructure was decreased 
[Liang et al. 2013]. The number of beads on the beaded nanofibre diminishes when the 
concentration of the polymer solution is increased [Liang et al. 2013]. Deepak et al. 
[2013] reported that the generation of beads naturally disappeared when the 
Polycaprolactone solution concentration was increased. 
The deposition time is another factor that influences morphology of structure 
generation. Deepak et al. [2013] found that the self-organisation started after two 
minutes electrospinning formation, and the dimension of the honeycomb-like 
configuration gradually increased with increasing the deposition time. Liang et al. 
[2013] demonstrated that when employing 15 wt% Polyethylene oxide concentration 
solution to form the honeycomb-like pattern the generation gradually occurred after 
~720 seconds; and using 12 wt% polyethylene oxide solution, formation of the pattern 
required ~360 seconds. 
The collection substrate also influences the formation of self-assembly nanofibrous 
structure. The electrospinning environment and electrical and surface properties of the 
collection substrate affects the formation of nanofibrous structure [Thandavamoorthy 
et al. 2006]. Therefore, Thandavamoorthy’s group repeated the generation on metallic 
mesh, cotton fabric and glass to demonstrate which type of substrate resulted in the 
most desired structure. Tiago et al. [2013] discovered that the centre of collection 
substrate has the highest intensity and that the fibre deposition occurred in the centre at 
first. Using an insulated substrate, Yan’s group generated a convergent fibrous web on 
an aluminium substrate [Yan et al. 2010]. Liang et al. [2013] noticed that the diameter 
of honeycomb-like macrostructure formed on a glass slide was bigger than the 
macrostructure formed on an aluminium slide. 
The collection distance is another important parameter affecting structure formation. 
The pore/honeycomb-like diameter increases while the electrospinning distance is 
decreased, and the shorter distance accomplishes bigger electrical field strength to spin 
the fibre [Yan et al. 2010]. On the other hand, when expanding the collection distance 
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the fibre flight time increases, which gives the fibre more time to evaporate the solvent 
and form dry fibre on the collection substrate [Yan et al. 2010]. Liang et al. [2013] 
employed 12 wt% and 14 wt% polyethylene oxide solution to verify that a unique 
collection distance was required to form a well-defined honeycomb-like structure with 
a specific concentration of solution. 
The electric field strength used is another significant that processing parameter 
influenced the formation of fibrous structure. At lower voltage and slower flow rate, 
the diameter of electrospun fibre decreases and allows enough time to evaporate the 
solvent [Yan et al. 2010, Deepak et al. 2013]. With increase in the voltage, the height 
of fibrous stack/structure is much improved and the diameter of the stack is decreased 
[Sun et al. 2012]. Moreover, the addition of additive enhances the field strength and 
decreases the diameter of electrospun fibre [Sun et al. 2012]. The additive accelerates 
the deposition speed [Sun et al. 2012].
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3. Experimental details 
_________________________________________ 
3.1. Introduction 
This chapter explains the experimental setup details and methods for investigation of 
polymer solubility testing and self-assembled structure formation. The general 
character of polymers and details of production are shown. The preparation of solutions 
for electrospraying and the method of mapping solubility region on Teas graph are 
introduced. The preparation of solutions for self-assembled structures in 
electrospinning process is included. The experimental equipment setup used in the 
electrospraying and electrospinning processes is also included with graphs. The 
methods used for capturing morphology and measuring the size of particles, fibres and 
structures are introduced. All experiments have been repeated twice, in order to 
demonstrate reproducibility. All components of the equipment used have been adjusted 
in accordance with the manufactures’ instructions or those provided by the suppliers. 
Every one of the physical properties of PEO solutions relevant to the study of 
electrospinning phenomena were measured five times and the average value was 
determined. Other experiments reported in this research were repeated more than twice 
to test their reproducibility. During the measurements the equipment was cleaned with 
ethanol and distilled water before each reading to avoid contamination errors. 
3.2. Materials  
3.2.1. Polymer materials 
Two types of molecular weight of polyethylene oxide (PEO) polymer and ethyl 
cellulose (EC) polymer were used for generating porous/honeycomb structures in 
electrospinning technique.  
3.2.1.1. Polyethylene oxide 
Polyethylene oxide (PEO) is a water-soluble polymer. This polymer has strong 
hydrogen bonds and is bonding with water. It easily dissolves into water. In general, 
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the PEO solution appears viscous and transparent when dissolving low molecular 
weight of the polymer; and the solution is viscous and waxy in appearance when using 
high molecular weight of PEO polymer. The viscosity depends on the concentration 
and molecular weight of the polymer. The relationship of the solute (polymer) and 
solvent is called the concentration of the solution. At higher concentration, this polymer 
solution is very thick and elastic. At room temperature, polyethylene oxide polymer 
also easily dissolves into many organic solvents.  With increasing temperature, more 
organic solvents can be used to dissolve polyethylene oxide. Polyethylene oxide is a 
semi-crystalline hydrophilic polymer with biomedical applications. It has excellent 
biocompatibility and low toxicity [Ribeiro et al. 2010]. The structure of polyethylene 
oxide is shown below: 
 
Fig. 3.1. The chemical structure of polyethylene oxide. 
For this research, PEO polymer was provided from Sigma-Aldrich, Poole, UK with 
molecular weight 4,600 g/mol and 200,000 g/mol.  The lower molecular weight of PEO 
polymer was used to investigate the solubility and spinnability. Therefore, 14 types of 
organic solvent were used for this investigation. The higher molecular weight of PEO 
polymer was used to research the solubility, spinnability and formation of honeycomb-
like structure. The 14 types of organic solvents were used repeatedly. Distilled water 
was selected to make PEO solution for the generation of honeycomb-like structure.  
3.2.1.2. Ethyl cellulose 
Ethyl cellulose (EC) is a water insoluble polymer that is used in the preparation of 
microcapsules and microspheres, as a barrier membrane and oral inert matrix-former. 
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Ethyl cellulose dissolves in different proportions of certain organic solvents such as; 
tetrahydrofuran, methyl acetate, chloroform, mixture of tetrahydrofuran and methyl 
acetate, ethanol, methanol, toluene, and ethyl acetate. Ethyl cellulose has limited 
solubility in some organic solvents [Qi et al. 2006], and it has poor solubility in water 
[Yu et al. 2013, Li et al. 2013]. The structure of ethyl cellulose is showing below: 
 
Fig. 3.2. The chemical structure of ethyl cellulose.  
In this research, ethyl cellulose polymer was also provided from Sigma-Aldrich, Poole, 
UK, its dynamic viscosity was 22,000 centipoises (cps). A co-solvent of ethanol 
(Ethanol, Fisher Science UK Ltd, Loughborough, UK) and distilled water (80:20) was 
used to dissolve ethyl cellulose to produce a solution. This solution was prepared for 
forming honeycomb-like structures as well. 
3.2.2. Solvent 
Distilled water, ethanol, acetone, glycerol, ethylene glycol, methanol, acetic acid, n-
propanol, n-pentanol, diethylene glycol (DEG), tetrahydrofuran (THF), methyl acetate 
(MeAc), Nitromethane, and chloroform were supplied from Sigma-Aldrich, Poole, UK. 
All solvents were used as received. 
Table 3.1 lists some properties of the solvents that were used for this investigation. All 
the data shown were obtained from the Handbook of Organic Solvent Properties 
[Smallwood 1996]. 
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Table 3.1. Properties of solvents used [Smallwood 1996]. 
Solvent Surface 
tension 
(mN/m) 
Density 
(kg/m3) 
Viscosity 
(mPa s) 
Electrical 
Conductivity 
(mS/m) 
Distilled water 72 1026 1.3 1.2 
Ethanol 22 789 1.1 24 
Acetone 23 791 0.3 20 
Glycerol 63 1261 945 0.1 
Methanol 23 792 0.6 70 
Ethylene glycol 46 1113 20 107 
n-Propanol 24 804 2.3 20.7 
n-Pentanol 25 811 2.4 26 
Diethylene glycol 48 1118 34 107 
Tetrahydrofuran 28 889 0.6 76 
Ethyl acetate 24 897 0.5 0.1 
Methyl acetate 24 932 0.9 3.4 
Nitromethane 39 1137 0.6 0.6 
 
3.3. Single solvent  
3.3.1. Solubility test 
Solutions of polyethylene oxide polymer made using the solvents listed in Section 3.2.2 
were prepared at the ambient temperature of ~ 25 °C and the relative humidity of 53 %. 
A PEO solution with a concentration of 10 wt% polymer was used for the solubility 
and spinnability investigation, and the molecular weight of PEO polymer was 4,600 
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g/mol.  In each case, the mixture of PEO polymer and selected solvent was stirred with 
a magnetic stirring bar at the ambient temperature on a stirring machine. The degree of 
swelling or dissolution was visually assessed after stirring for 10 minutes, 30 minutes, 
60 minutes and 720 minutes respectively. The stirring time recorded depended on the 
rate of solution of the polymer into each solvent to form a solution. For low molecular 
weight of PEO polymer, the results were demonstrated as insoluble (no dissolution 
observed after 720 minutes of stirring), and high solubility (initial dissolution observed 
after only 10 minutes mixing followed by complete dissolution). For high molecular 
weight of PEO polymer, the results were shown as insoluble (no dissolution observed 
after 720 minutes of stirring), and partial solubility (dissolution observed after 720 
minutes). 
3.4. Studying the solubility of polymers on a Teas graph 
3.4.1. Description of the solubility Teas graph 
In 1936, Hildebrand [1936] introduced what became known as the Hildebrand 
solubility parameter, defined as the square root of the cohesive energy density of a 
compound where the cohesive energy density is equal to the heat of vaporization 
divided by the molar volume for that compound. This provided the basis for a simple 
method of prediction of the solubility and swelling of polymers by solvents, but only 
in non-polar systems without hydrogen bonding. Many years later, Hansen [1967] 
expanded the method of the Hildebrand parameter to demonstrate the miscibility 
relation of polar and hydrogen bonding systems. Hansen separated the Hildebrand 
solubility parameter into three components, they included dispersion component, polar 
component, and hydrogen bonding component. Hansen’s parameter is used to define 
the miscibility of the solvent. Multiple solvents with similar Hansen solubility 
parameters are miscible in any proportions, but solvents with dissimilar Hansen 
parameters exhibit only limited miscibility. Therefore, the Hildebrand parameter and 
Hansen parameter can be used together to help in the selection of a suitable solvent for 
a particular polymer.  
The Hildebrand parameter is also called the cohesion energy parameter. The energy 
(heat) of vaporization is a measurement of the cohesive energy holding the liquid 
molecules together. When a liquid is heated to reach to its boiling point, the energy 
(heat) is transferred into the liquid and the temperature of the liquid is increased. Even 
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though additional heat keeps being added into the liquid, the temperature still remains 
at its boiling point. The energy is employed to split the molecules of the liquid, heat the 
molecules and volatilise as a gas. A liquid with a low boiling point needs only a small 
amount of energy to evaporate, but a liquid with a high boiling point requires higher 
energy to evaporate the liquid. This energy is called the heat of vaporization.       
The Hildebrand solubility parameter is the square root of the cohesive energy density 
of a liquid. This density is a numerical value that displays the heat of vaporization in 
calories per cubic centimetre, and is also a reflection of the degree of van der Waals 
forces clutching the liquid molecules together. The expression of cohesive energy 
density is shown below:  
𝑐 =  
∆𝐻−𝑅𝑇
𝑉𝑚                                                       (3.1)
 
where: 
𝑐 represents the cohesive energy density. 
∆𝐻 represents the heat of vaporization. 
𝑅 represents the gas constant. 
𝑇 represents the temperature. 
𝑉𝑚 represents the molar volume. 
 
At the beginning of this section the Hildebrand solubility parameter was defined as the 
square root of the cohesive energy density. The expression is given below: 
𝛿 =  √𝑐 =  √
∆𝐻−𝑅𝐻
𝑉𝑚
                                               (3.2)
 
where: 
𝛿 represents the Hildebrand solubility parameter.  
 
The solubility Teas graph is a combination plot of three Hansen solubility parameters 
[Hansen 1967]. The combination of these three parameters gives the total Hildebrand 
value (𝛿 total). This value is assembled by combining three components, the dispersion 
force component, the hydrogen bonding component, and a polar component. 
Mathematically, the relation between the total Hildebrand value and the three Hansen 
solubility parameters can be described below: 
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𝛿𝑡𝑜𝑡𝑎𝑙
2 =  𝛿𝑑
2 +  𝛿𝜌
2 +  𝛿ℎ
2                                             (3.3) 
Where: 
 𝛿𝑡𝑜𝑡𝑎𝑙
2  represents the total Hildebrand value. 
 𝛿𝑑 
2 represents the dispersion force component.  
 𝛿𝜌 
2 represents the polar component. 
 𝛿ℎ 
2 represents the hydrogen bonding component. 
In 1968, Teas invented a triangular graph on which three fractional solubility 
parameters of a solvent could be plotted using the three axes of his triangular graph. In 
this way the three values provided a set of co-ordinates for a single point (Fig 3.1). Each 
of the three Teas parameters is known as a fractional parameter. The fractional 
parameters are known individually as the dispersion fractional parameter, the polar 
fractional parameter, and the hydrogen bonding fractional parameter. Each fractional 
parameter is obtained by normalising each Hansen component over the sum of all three 
Hansen solubility parameters. Their expressions are showing below: 
𝑓𝑑 =  
𝛿𝑑
𝛿𝑑+𝛿𝑝+𝛿ℎ
                                                     (3.4) 
𝑓𝑝 =  
𝛿𝑝
𝛿𝑑+𝛿𝑝+𝛿ℎ
                                                     (3.5)
 
𝑓ℎ =  
𝛿ℎ
𝛿𝑑+𝛿𝑝+𝛿ℎ
                                                     (3.6) 
where: 
𝑓𝑑 represents the dispersion fractional parameter. 
𝑓𝑝 represents the polar fractional parameter. 
𝑓ℎ represents the hydrogen bonding fractional parameter. 
Adding all three fractional parameters together gives a total value of 100, or: 
𝑓𝑑 +  𝑓𝑝 +  𝑓ℎ = 100                                                (3.7) 
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For example, in the case of the solvent methanol, its dispersion fractional parameter is 
30, its polar fractional parameter is 22, and its hydrogen bonding fractional parameter 
is 48. Therefore, the sum of the fractional parameter of the methanol is 100 (30+22+48). 
The list of fractional parameters of the solvents that have been used in this research is 
shown in Table 3.2. 
Table 3.2. The list of fractional parameters of solvents used [Burke 1984]. 
Solvent 100  100  100  
Distilled water 18 28 54 
Ethanol 36 18 46 
Acetone 47 32 21 
Glycerol 25 23 52 
Methanol 30 22 48 
Ethylene glycol 30 18 52 
n-Propanol 40 16 44 
n-Pentanol 46 13 41 
Diethylene glycol 31 29 40 
Tetrahydrofuran 55 19 26 
Ethyl acetate 51 18 31 
Methyl acetate 45 36 19 
Nitromethane 44 43 13 
 
3.4.2. Marking the solubility region on the Teas graph 
Section 3.4.1 has explained the definition of Teas graph. The Fig. 3.3 shows the method 
to plot the fractional parameters of each solvent on the Teas graph. For example, the 
solvent methanol is selected to show the methodology to mark its region on the Teas 
graph. Each fractional parameter is counted from anticlockwise (left to right). The value 
of the dispersion fractional parameter is 30, and its drawing direction is showing in Fig. 
3.3. The direction of polar fractional parameter is plotted from left to right, which 
started from value 22; and its parameter value is 22 (Fig. 3.3).  
Finally, the direction of hydrogen bonding fractional parameter is drawn from right to 
left; and its parameter is 48 (Fig. 3.3). The direction of each parameter value is 
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highlighted with purple arrow on the Teas graph (Fig. 3.3). And so forth, other used 
solvents will be marked on the Teas graph with the same procedure.  
 
Fig. 3.3. Methodology of marking solvents, e.g. methanol on the Teas graph. 
3.4.3. Selection of mixed solvents 
The technique of using a mixture of solvents may be employed to design certain 
properties of a solution, such as rate of evaporation, solution viscosity, and degree of 
toxicity or effects of experimental environment. Normally the mixture of solvents is 
made by mixing two non-solvents to achieve a true solvent, which may then be used to 
dissolve a particular polymer in preparation for use in the electrospinning process. The 
fractional parameter of the true solvent mixture will lie in between the points 
representing each of the two non-solvents on the Teas graph. For example, Fig. 3.4 
displays the method of plotting the fractional parameters of mixed solvent on the Teas 
graph. A represents one non-solvent, and B shows the other non-solvent. The two 
components have been mixed in equal proportions by volume. Therefore, the fractional 
parameter plots equidistant from points A and B. 
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On the other hand, there is another method to determine the values of fractional 
parameters of mixed solvents. For example: 
  The ratio of mixed solvents are 1:1. And the solvent A is ethanol, and solvent 
B is distilled water. 
  The total ratio is 1+1=2 
  The dispersion force of ethanol = 36 and distilled water = 18 
   The polar force of ethanol = 18 and distilled water = 28 
 The hydrogen bonding force of ethanol = 46 and distilled water = 54 
 The dispersion force of mixed solvent = 
1
2
 × 36 + 
1
2
 × 18 = 30 
 The polar force of mixed solvent = 
1
2
 × 18 +
1
2
 × 28 ≈ 21.33 
 The hydrogen bonding force of mixed solvent = 
1
2
 × 46 + 
1
2
 × 54 ≈48.66 
And then, the position of mixed solvent can be mapped on the Teas graph with using 
the new value of dispersion force, polar force and hydrogen bonding force. 
 
Fig. 3.4. Methodology of marking mixed solvents on the Teas graph.  
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3.5. Preparation of polymer materials 
Polyethylene oxide polymer was used for preparing a well-distributed solution and 
investigating the solubility, spinnability, and formation of honeycomb-like structure. 
Ethyl cellulose polymer was selected for preparing a well-distributed solution as well, 
and studying the possibility of generation of honeycomb-like structure. In general, there 
are several methods to prepare the polymer solution, such as mass concentration, 
volume concentration, and mole fraction. The concentration of solution is the percent 
by mass of solute in solution. The formula for calculating the percent by mass is: 
𝑚% =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑒
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
× 100% =  
𝑀𝑠𝑜𝑙𝑢𝑡𝑒
𝑀𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 × 100%                      (3.8) 
𝑚%  represents the percent of mass. 
𝑀𝑠𝑜𝑙𝑢𝑡𝑒 represents the mass of solute (polymer). 
𝑀𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  represents the mass of solution. 
 
If both solute and solvent are liquids, the method of concentration is expressed as 
percent of volume. The equation is: 
𝑣% =  
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑒
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
× 100% =  
𝑉𝑠𝑜𝑙𝑢𝑡𝑒
𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 × 100%                     (3.9) 
𝑣% is the percent of volume. 
𝑉𝑠𝑜𝑙𝑢𝑡𝑒 is the volume of solute (polymer). 
𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 is the volume of solution. 
The mole fraction is defined as the total number of one component of moles divided by 
the total number of all components in the solution. This mole fraction is a method to 
measure the concentration of the solution with a dimensionless quantity. For example, 
to calculate the mole fraction of component A. Thus its formula is: 
𝑥𝐴 =  
𝑀𝑜𝑙𝑒 𝑜𝑓 𝐴
𝑇𝑜𝑡𝑎𝑙 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠
=  
𝑀𝑜𝑙𝑒 𝑜𝑓 𝐴
𝑀𝑜𝑙𝑒 𝑜𝑓 𝐴+𝑀𝑜𝑙𝑒 𝑜𝑓 𝐵+⋯+𝑀𝑜𝑙𝑒 𝑜𝑓 𝑛
                      (3.10) 
𝑥𝐴 shows the mole fraction. 
𝐴  shows the componenet A. 
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𝐵  shows the component B. 
𝑛  shows the number of components. 
3.5.1. Polyethylene oxide solution 
Polyethylene oxide solution was prepared for the investigation of solubility, 
spinnability, and generation of self-assembled honeycomb-like structure. Polyethylene 
oxide polymer powder with a molecular weight of 6,400 and 200,000 g/mol was used 
in the electrospinning process. Both types of polyethylene oxide polymer used in the 
experiments were supplied from Sigma-Aldrich (UK). 
3.5.2. Ethyl cellulose solution 
The ethyl cellulose solution was used to investigate the generation of self-assembled 
honeycomb-like structure. A mixed solvent of ethanol (Ethanol, Fisher Science UK 
Ltd, Loughborough, UK) and distilled water was used to dissolve ethyl cellulose 
polymer powder to produce a high concentration solution.  The solution was then 
electrospun with the object of drawing it out into fibre in order to study the formation 
of self-assemby honey-comb structure. The dynamic viscosity of this polymer was 
22,000 centipoises (cps), and it was supplied by Sigma-Aldrich (UK). 
3.6. Equipment setup and processing 
3.6.1. Electrospraying setup  
The electrospraying apparatus was set-up for processing materials at ambient 
temperature as shown in Fig. 3.5 The stainless steel nozzle (Stainless Tube & Needles 
Co Ltd, Tamworth, UK) was connected to a high voltage power supply (Glassman 
Europe Ltd, Bramley, UK) using a high voltage cable so that the nozzle was positively 
charged. The polymer solution to be sprayed was held in a plastic syringe (Becton D. 
PlasticTM, VWR, Lutterworth, UK) and entered the nozzle via a silicone tube (VWR 
International Ltd, Lutterworth, UK). The syringe was located on a syringe pump 
(Harvard Apparatus Ltd., Edenbridge, UK), which allowed control of the rate of flow 
rate of polymer solution from the syringe to the end of the nozzle. The distance between 
the nozzle and the collection platform was varied to achieve deposition. A substrate 
was placed on the collection platform, which was grounded. A high-speed camera 
connected to a computer, in conjunction with an optical light source was used to check 
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the stability of the jet of polymer solution produced by the activation of the syringe. 
The applied voltages and the flow rates were varied to achieve a balance of mass 
transfer at the nozzle end between solution supply and particles for optimised spraying. 
The jetting area from the nozzle to the grounded collection substrate was insulated 
using a perspex chamber to ensure the stability of the jetting and minimise unwanted 
interference from the surroundings. If a solvent system dissolved a polymer, the solvent 
system was tested for electrospraying at 1 atmospheric pressure and ambient 
temperature of approximately ~25 °C. Spraying parameters such as concentration of 
polymer, applied voltage, flow rates, and collection distance, were varied to optimise 
the electrospraying process. Collection was done on glass slide, for optical and scanning 
electron microscopy analysis. The results of polymer solution electrospraying were 
combined with the solubility on the Teas graph. 
 
Fig. 3.5: A schematic diagram of the electrospraying setup. 
3.6.2. Electrospinning setup  
The electrospinning process used in this study is shown schematically in Fig 3.6. The 
stainless steel nozzle with an inner diameter of 0.8 mm and an outer diameter of 1.1 
mm was obtained from Stainless Steel Tubing (Stainless Tube & Needles Co Ltd, 
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Tamworth, UK). One end of the nozzle was connected to a plastic syringe with silicone 
tubing (VWR International Ltd, Lutterworth, UK). The plastic syringe was clamped 
onto a syringe pump (Harvard Apparatus Ltd., Edenbridge, UK) to control the solution 
flow rate. The applied voltage was generated by a high voltage power supply (Glassman 
Europe Ltd, Bramley, UK) and connected to the nozzle to change the electric field 
strength between the orifice of the nozzle and the substrate. A stainless steel laboratory 
jack was used as a substrate supporter and it was grounded. An aluminum foil wrapped 
glass microscope slide or a glass slide on its own was placed on the surface of the 
stainless steel jack to collect the nanofibres. The working distance between the orifice 
of the nozzle and the substrate was varied to obtain the formation of honeycomb-like 
structure during the study. The electrospinning process was carried out inside an 
insulated perspex chamber to improve the stability of electrospinning jetting and reduce 
the unwanted interference from the surroundings.  A video camera (LEICA S6D JVC-
colour) linked to a DVD video recorder was used to observe the jetting phenomena 
during the process. 
 
Fig. 3.6. A schematic diagram of the electrospinning setup. 
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3.6.3. Single needle and grounded electrode 
A stainless steel single needle was chosen to spray and spin the polymer solution. The 
dimension of this needle was an inner diameter of 0.8 mm and an outer diameter of 1.1 
mm. The needle was set in the middle of a circular shape resin to insulate the electrical 
charge while the solution was electrified during electrospinning process. The length of 
circular resin was shorter than the length of needle, and both of the top and bottom parts 
of needle exposed outside. Therefore, the top side of the needle was connected to the 
syringe pump machine, and the bottom side was employed to release the solution. A 
wire cable was submerged in the resin and wrapped on the stainless steel needle to 
attach on the ground electrode. This ground electrode was fitted with a direct 
connection to the earth, to run the current into the ground to prevent user contact with 
dangerous voltage during the experiment. 
3.6.4. Syringe pump 
A Harvard syringe pump was employed to feed the solution at variable flow rate 
(pressing speed) to the nozzle. When in operation, a plastic syringe will be fixed to a 
pushing locker so that the syringe won’t move during pressing. The pump will move 
the locker by means of a stepper motor. The pushing movement will eject the solution 
from the plastic syringe. The operating keyboard was fixed to the surface of the 
machine to enable the user to vary the flow rate, with settings of l/min, l/hr, ml/min and 
ml/hr.  
3.6.5. Voltage power supply 
The direct current voltage power supply was used to supply electrical charges to the 
solution and form an electric field between the orifice of the nozzle and the surface of 
the collection substrate. The range of the voltage output available from the machine 
extended to 30 kV after the machine was switched on. Thus the electrical field force 
could be adjusted with increasing or decreasing the voltage output. The grounding 
electrode was attached to a conductive laboratory jack, and the jack directly contacted 
with ground, which was placed inside a perspex chamber. Both of the voltage output 
and grounding electrode were assembled at the back of the machine.  
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3.6.6. Data recording machine 
The morphology of jetting mode was an important factor to control the result of an 
electrospinning or electrospraying experiment. Therefore a data recording machine was 
used for adjusting the appearance of the mode, and to project its image on the monitor 
for this research. This recording machine consisted of a zoom-lens camera (LEICA S6D 
JVC-colour), a monitor and a video recorder. The jetting phenomenon was recorded 
live by the camera and the colour image was shown on the monitor that linked to both 
the camera and video recorder. 
3.7. Characterisation 
3.7.1. Solution 
3.7.1.1. Density 
The measurement of the liquid density was calibrated using a 25 ml pycnometer flask 
(density bottle). The pycnometer was cleaned by ethanol and distilled water and dried 
properly before using for the calibration of liquid density. For Chapters 5 and 6, 
different concentration of solution and distilled water was required to estimate the 
density using the pycnometer flask. The methodology used for density measurement 
was to first weigh the empty pycnometer, then fill it with distilled water, and weigh it 
again. The pycnometer was then dried and filled with the liquid, and re-weighed. The 
density of the liquid could then be calculated using the known volume of the 
pycnometer. 
3.7.1.2. Surface tension 
The surface tension of all solutions and distilled water was calibrated by a Kruss 
Tensiometer K9 (Standard Wilhelmy’s plate method). The method of use is described 
below. Firstly, each solution or distilled water was kept in a glass container. The 
container was set on a moveable platform and under a measuring plate. The measuring 
plate was hooked inside the tensionmeter. Secondly, the container was raised until the 
plate was just submerged into the solution or distilled water. Finally, a surface tension 
value would be appeared on the automatic reading screen. 
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3.7.1.3. Viscosity 
A digital rotational viscometer (Brookfield, Harlow, UK) was applied to estimate the 
fluid’s resistance to flow. The methodology of using this device was to rotate a spindle 
through a calibrated spring. The spindle had to immerse inside a sample (solution), 
which the solution was carried by the solution container. And the container holder was 
used to fix the solution container on the viscometer steadily. Thus, the viscometer 
started to spin the spindle, when the meter switched on with operating on the keyboard. 
The viscosity result finally showed on the reading screen on the viscometer. The 
viscosity of the sample against the spindle was calibrated by a spring deflection. The 
spring deflection was estimated with a rotary transducer that gave the torque signal. 
3.7.1.4. Electrical conductivity 
The electrical conductivity was measured using a Jenway 3540 conductivity meter, 
which was supplied by Bibby Scientific Ltd in the UK. This conductivity meter is easy 
to operate and fast to produce the result. At the beginning, calibration option has to be 
selected on the device before starting the sample estimation. A glass conductivity probe 
with two sensor chips attached inside of the probe is used for the determination. The 
probe was connected to the conductivity device for immediate transfer of the reading 
data to a screen on the device. A sample was taken using a glass beaker, and then the 
glass probe was slowly dunked into the sample until the reading sensor chip was fully 
submerged. Therefore, an electrical conductivity result would transfer to the meter, and 
the value was automatically shown on the screen.  
3.7.2. Droplets, beads, fibres, and structure 
The morphology of droplets, beads, nanofibres, and the 3-D self-assembled 
honeycomb-like nanofibrous structures produced by the electrospinning process was 
analysed visually using a high definition camera (IPhone 4S), an optical microscope 
(Nikon Eclipse model ME600, allows magnification of up to x100), a scanning electron 
microscope (SEM, Hitachi S-3400n, allows magnification of up to 20,000x ) and a 
field-emission scanning electron microscope (FE-SEM, JSM-6301F, allows 
magnification of up to 80,000x). The glass and aluminium slides were coated with gold 
using a sputtering machine (Edwards sputter coater S1 50B) prior to observation under 
the SEM. The gold was sputtered for 120 seconds on each substrate.  
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The dimensions of the nanofibres, pores and structures were determined using the 
image program UTHSCSA (Image Tool Version 2, University of Texas, USA). An 
image of the nanofibres, or pores, or structures to be measured had to be entered into 
the program, and then an estimation of their dimension displayed. The scale of the 
image needed to set accurately before the final measurement. To enhance the precision 
of measurement, the final dimension of each image was taken as the average value of 
50 separate measurements. 
3.7.2.1. Optical microscopy 
The Nikon Eclipse model ME600 optical microscope contained five objectives, they 
were 5x, 10x, 20x, 50x, and 100x. A revolving nosepiece was used to change the 
objective, and to vary the size of the image on the transparent glass slide, or sample. 
When the sample was ready to be visualised, it was placed under the optical path of a 
chosen objective. The focus and brightness were then adjusted to achieve a distinct 
image. Finally, the image was examined through the eyepiece. This equipment was 
mainly used to investigate the morphology of electrospraying droplets.  
3.7.2.2. Scanning electron microscopy 
Two types of scanning electron microscopy were used to examine the morphology of 
the samples. The Hitachi S-3400n scanning electron microscopy has a resolution 
extending to a magnification of up to 20,000x. This device was used to identify the 
beads and the honeycomb-like macrostructure. Another scanning electron microscope 
has higher resolution with a magnification of up to 80,000x. This microscope was used 
to investigate very fine nanofibres or the pores on the structures.  
However, specimens for examination under the electron microscope have to be coated 
in gold, which improves the electron interaction with atoms in the material under 
examination. If a specimen is non-conductive, then without a gold coating the electron 
beam won’t provide a defined image. Samples were sputtered for 120 seconds using 
powdered gold before examination. 
For the Hitachi S-3400n scanning electron microscopy, a sample placed on the 
specimen stage was exposed to an electron beam. The electron beam generally scanned 
the surface of coated sample, and the beam's position is combined with the detected 
signal to produce an image. The stage was able to rotate 360 degrees horizontally and 
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turn -20 to 90 degrees vertically. The observation area could enlarge to 130 mm in 
diameter. For the field-emission scanning electron microscope, it was also required 
electrons interact with atoms in the sample to produce signals to form an image on the 
monitor. The specimen stage was fixed, but the resolution was much higher. The 
accelerating voltage was able to vary between 0.5 kV and 30 kV to vary the signal 
strength. Normally, the voltage was set between 5 kV to 10 kV, because a desired 
accelerating voltage provided a stable signal and stopped the voltage melting the 
sample.
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4. Study of polyethylene oxide (PEO) solutions 
_________________________________________ 
4.1. Effect of single solvent 
This chapter describes the investigation of solubility and spininability of polyethylene 
oxide (PEO) polymer solution, using organic solvents both single, and in combination 
as mixed solvents. The solubility has been found to decrease with increasing polymer 
molecular weight [Cooper et al. 1985 and 1984]. This was a fundamental systematic 
study to understand how single solvents and mixed solvents can be used to produce 
electrospun fibres.  
The work reported here was the first step in an attempt to discover a method of creating 
a 3D self-assembled honeycomb-like structure by means of the electrospinning 
technique. PEO polymer was used in this investigation, the first stage of which was to 
find a solvent, which would dissolve the polymer powder so that solutions of the 
polymer could be tested to see if they were spinable. Spinability depends to a degree 
on the viscosity of the solution used [Deitzel et al. 2001a, Ozdemir et al. 2010].  If it is 
not viscose enough it is difficult to draw it into continuous fibres.   
On the other hand, it was anticipated that the formation of fibres would be assisted by 
the mass of polymer in the solution used. PEO polymer is available in low molecular 
weight 4,600 g/mol and high molecular weight 200,000 g/mol forms. It was decided to 
test solutions made using both types to investigate the generation of continuous fibres 
and the formation of honeycomb-like structure from them, using a range of different 
solvents. 
4.1.1. Low molecular weight PEO polymer   
Low molecular weight (4,600 g/mol) PEO polymer powder was mixed in distilled 
water, ethanol, acetone, glycerol, ethylene glycol, methanol, n-propanol, n-pentanol, 
di(ethylene glycol), tetrahydrofuran, ethyl acetate, methyl acetate, and nitromethane 
respectively for different durations of mixing time (Table 4.1). The objective was to 
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produce a PEO polymer solution with a concentration of 10 wt%, and the powder was 
batched accordingly. The solvents investigated are listed in Table 4.1.   
Table 4.1. List of single solvents used to test 4600 g/mol PEO polymer solubility and 
spinnability. 
 
Fig. 4.1(a) shows that the PEO polymer dissolved in distilled water, methanol, and 
nitromethane within 10 minutes. But Fig. 4.1(b) shows that it was insoluble in the other 
10 solvents, even after 720 minutes mixing. Clear solutions were obtained using 
distilled water, methanol and nitromethane, and all three were found to be sprayable. 
Their droplet size distribution plots are given in Fig. 4.6. The plots demonstrate that 
distilled water, methanol and nitromethane may be described as effective solvents with 
respect to PEO polymer for the purpose of investigating the production of droplets. 
When ethanol was used as the solvent, the polymer and solvent always remained 
separated after 270 minutes mixing. Using the solvents; acetone, ethyl acetate, n-
propanol, n-pentanol, glycerol, ethylene glycol, tetrahydrofuran, and methyl acetate, 
and di(ethylene glycol), the polymer powder remained in suspension in the solvent 
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during stirring.  After leaving for more than 1 minute, the polymer powder gradually 
settled out and collected at the bottom of the specimen vial.   
 
Fig. 4.1. Results of attempts to dissolve PEO polymer powder into 13 organic solvents: 
(a) samples with high solubility with lower molecular weight of PEO polymer, their 
solutions are colourless; (b) insoluble samples. 
4.1.1.1. Marking solubility regions on the Teas graph 
The fractional parameters of the solvents used are shown in Section 3.4.1. These 
fractional parameters have been used to plot the solvents on the Teas graph as shown 
in Fig. 4.2. The solvents which dissolved the polymer most effectively, and in which 
the polymer could therefore be described as highly soluble, included distilled water, 
methanol, and nitromethane. These have been plotted using a green dot. Those solvents 
that failed to dissolve the polymer have been plotted using a red diamond, and include 
ethanol, acetone, glycerol, ethylene glycol, n-propanol, n-pentanol, di(ethylene glycol), 
tetrahydrofuran, ethyl acetate, and methyl acetate. The green dots on the Teas graph 
represent those solvents that successfully dissolved the polymer powder to produce 
solutions that have the potential to produce droplets using the electrospraying process.  
The position of distilled water on the Teas graph (Table 4.2) indicates weak dispersion 
force, strong hydrogen bonding force, and weak polar force; the position of methanol 
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shows moderate dispersion force, strong hydrogen bonding force, and weak polar force; 
the position of nitromethane demonstrates strong dispersion force, moderate hydrogen 
bonding force, and weak polar force. The positions on the Teas graph of most of the 
single solvents in which the polymer proved to be insoluble, namely ethanol, n-
propanol, n-pentanol, di(ethylene glycol), and ethyl acetate, indicate moderate 
dispersion force, strong hydrogen bonding force, and weak polar force.  The positions 
of glycerol and ethylene glycol show weak dispersion force, strong hydrogen bonding 
force and weak polar force, whilst for acetone, tetrahydrofuran and methyl acetate the 
positions indicate strong dispersion force, strong hydrogen bonding force, and weak 
polar force. 
Table 4.2. List of intensity of dispersion force, hydrogen bonding force, and polar force 
of solvents plotted on the Teas graph. 
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Fig. 4.2. Thirteen solvents’ plotted on the Teas graph, using fractional parameters 
[Burke 1984]. 
4.1.1.2. Droplet size distribution 
Figs. 4.3-4.5 show the morphology of the array of droplets produced by electrospraying 
the PEO polymer solutions. The molecular weight of PEO polymer used was 4,600 
g/mol. The solvents used for dissolving the polymer were distilled water, methanol, and 
nitromethane, respectively. Each image was taken with the high magnification scanning 
electron microscope. The droplets were collected under constant processing conditions, 
with a flow rate of 20 µl/min flow rate, an applied voltage of 9.9 kV and a collection 
distance of 140 mm. Table 4.3 shows the physical properties of methanol, distilled 
water, nitromethane and each solution. 
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Table 4.3. Surface tension, density, viscosity and electrical conductivity for 10 wt% 
concentrations of 4600 g/mol PEO in methanol, distilled water, and nitromethane 
respectively. 
Solvent and solution 
 
Surface 
tension 
(mN/m) 
Density  
(kg/m³) 
Viscosity 
 (mPa s) 
Electrical 
conductivity 
(mS/m) 
Methanol 22.4±1.0 760±0.5 0.5±0.1 0.4±0.1 
PEO in methanol 23.9±1.1 814.4±1.1 1.4±20 23.0±1 
Water 72±1.1 1026±0.8 1.3±0.1 1.2±0.1 
PEO in water 59.4±0.5 1014.4±1.4 2.7±21 45.2±1 
Nitromethane 40±3.7 1120.4±1.0 0.60±1.0 24.0±2 
PEO in nitromethane 36.7±1.0 1132.0±1.0 2.0±25 25.2±0.4 
 
The morphology of the droplet array produced by electrospraying the aqueous polymer 
solution was a combination of a bunch of connected droplets and independent droplets 
(Fig. 4.3). The methanol solution produced a uniform array of spherical droplets and 
single spherical droplets (Fig 4.4). Spherical droplets were also generated when the 
solvent was nitromethane.  A plot of average droplet diameter produced using these 
three solvents is shown in Fig. 4.6.  The droplet diameter range using methanol as the 
solvent was between 0.68 µm and 3.84 µm, for distilled water it was between 0.48 µm 
and 2.38 µm, and for nitromethane the droplet range was between 0.84 µm and 10.74 
µm. The smallest mean droplet diameter was produced using methanol as the solvent 
(Fig. 4.6). Using nitromethane (Fig. 4.6) produced droplets with the largest mean 
diameter. These results demonstrated that the mean droplet diameter increased with 
increase in the boiling point of the solvent used. Coincidentally, these results show that 
the mean droplet diameter increases with increase in the boiling point of the solvent 
used.  It was noted (Fig. 4.6) that the boiling point of methane is the lowest of the three 
solvents concerned, and that of nitromethane is the highest. 
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Fig. 4.3. Morphology of electrosprayed droplets of 4,600 g/mol PEO polymer dissolved 
in distilled water. 
 
 
Fig. 4.4. Morphology of electrosprayed droplets of 4,600 g/mol PEO polymer dissolved 
in methanol. 
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Fig. 4.5. Morphology of electrosprayed droplets of 4,600 g/mol PEO polymer dissolved 
in nitromethane. 
 
 
Fig. 4.6. Mean value of the droplet diameter that were produced in different solvents: 
methanol, distilled water, nitromethane. 
4.1.2. High molecular weight of PEO polymer 
The solubility of high molecular weight (200,000 g/mol) PEO polymer powder was 
investigated by mixing the powder with a range of solvents, as in the case of the low 
molecular weight of PEO polymer. The solvents used included distilled water, ethanol, 
acetone, glycerol, ethylene glycol, methanol, n-propanol, n-pentanol, di(ethylene 
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glycol), tetrahydrofuran, ethyl acetate, methyl acetate, and nitromethane. The selection 
of these solvents was made in the same way as for the solubility tests described in 
Section 4.1.1. The concentration of the high molecular weight polymer solution was set 
at 10 wt%, as in the case of trial made using the low molecular weight polymer. The 
solution flow rate was adjusted to 20 µl/min, the applied voltage was increased to 18.5 
kV, and the fibre collection distance was expanded to 140 mm. The results obtained 
with the solvents investigated are listed in Table 4.4. Distilled water and nitromethane 
produced only partial solutions within 270 minutes mixing. Both the solutions were 
spinnable. But the polymer proved insoluble in solvents ethanol, acetone, glycerol, 
ethylene glycol, methanol, n-propanol, n-pentanol, di(ethylene glycol), 
tetrahydrofuran, ethyl acetate, and methyl acetate, after 270 minutes mixing. 
Table 4.4. List of single solvents used to test PEO polymer solubility and spinnability.  
Order Solvent Solubility Spinnability 
10 
(mins) 
30 
(mins) 
60 
(mins) 
720 
(mins) 
1 Distilled water Insoluble Insoluble Insoluble Partial Spin  
2 Ethanol Insoluble Insoluble Insoluble Insoluble _ 
3 Acetone Insoluble Insoluble Insoluble Insoluble _ 
4 Glycerol Insoluble Insoluble Insoluble Insoluble _ 
5 Methanol Insoluble Insoluble Insoluble Insoluble _ 
6 Ethylene glycol Insoluble Insoluble Insoluble Insoluble _ 
7 n-Propanol Insoluble Insoluble Insoluble Insoluble _ 
8 n-Pentanol Insoluble Insoluble Insoluble Insoluble _ 
9 Di(ethylene 
glycol) 
Insoluble Insoluble Insoluble Insoluble _ 
10 Tetrahydrofuran Insoluble Insoluble Insoluble Insoluble _ 
11 Ethyl acetate Insoluble Insoluble Insoluble Insoluble _ 
12 Methyl acetate Insoluble Insoluble Insoluble Insoluble _ 
13 Nitromethane Insoluble Insoluble Insoluble Partial Spin  
 
Fig. 4.7(a) shows that PEO polymer could be dissolved in distilled water and 
nitromethane. Both of the resulting solutions were cloudy and exhibited high viscosity. 
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Fig. 4.7(b) shows that PEO polymer remained insoluble in ethanol, acetone, glycerol, 
methanol, ethylene glycol, n-propanol, n-pentanol, di(ethylene glycol), 
tetrahydrofuran, ethyl acetate and methyl acetate after 270 minutes stirring. When the 
solvents were ethanol, acetone, ethylene glycol, n-propanol, n-pentanol, and 
di(ethylene glycol), the polymer separated from the solvent even after 270 minutes 
mixing. Using the solvents methanol, glycerol, tetrahydrofuran, ethyl acetate and 
methyl acetate, the mixture of polymer and solvent formed a suspension. After leaving 
the samples undisturbed for more than 1 minute, the polymer powder gradually settled 
at the bottom of the specimen vial. 
 
Fig. 4.7. Samples of PEO polymer powder after mixing with 13 organic single solvents:  
(a) samples were dissolved in distilled water and nitromethane, and their solutions are 
cloudy; (b) insoluble samples.  
4.1.2.1. Marking solubility regions on the Teas graph 
The fractional parameters of the solvents used are listed in Section 3.4.1. The solvents 
were employed to attempt to dissolve high molecular weight PEO polymer. Each of the 
solvents has been plotted on the Teas graph using their fractional parameters. Solvents 
that were effective in dissolving the polymer, namely distilled water and nitromethane, 
have been plotted using green dots. The resulting solutions proved to be 
electrospinnable, and could be made to produce fibres. Those that proved ineffective 
have been plotted using red diamonds, and include methanol, ethanol, acetone, glycerol, 
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ethylene glycol, n-propanol, n-pentanol, di(ethylene glycol), tetrahydrofuran, ethyl 
acetate, and methyl acetate. On both Table 4.5 and Fig. 4.8, distilled water, which is an 
effective solvent of the polymer, is shown to have weak dispersion force, strong 
hydrogen bonding force, and weak polar force; the nitromethane, another effective 
solvent, demonstrated strong dispersion force, moderate hydrogen bonding force, and 
weak polar force. For insoluble single solvents on the Teas graph, ethanol, methanol, 
n-propanol, n-pentanol, di(ethylene glycol), ethyl acetate displayed moderate 
dispersion force, strong hydrogen bonding force, weak polar force; glycerol and 
ethylene glycol showed weak dispersion force, strong hydrogen bonding force, weak 
polar force; acetone, tetrahydrofuran and methyl acetate indicated strong dispersion 
force, strong hydrogen bonding force, and weak polar force. 
Table 4.5. List of intensity of dispersion force, hydrogen bonding force, and polar force 
of used solvents on the Teas graph. 
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Fig. 4.8. Thirteen solvents’ position was marked on the Teas graph, which the position 
was based on the fractional parameter from [Burke 1984]. 
4.1.2.2. Fibre size distribution  
Figs. 4.9 and 4.10 show the morphology of electrospun fibres produced by 
electrospinning the PEO solution, and the nitromethane-based solution, respectively. 
The concentration of PEO solution in distilled water was 10 wt%, the fibre collection 
distance was 140 mm, the solution flow rate was 20 µl/min, and the applied voltage 
was 18.5 kV, but the fibres still partially fused on the collection substrate (Fig. 4.9). 
The nitromethane-based solution (10 wt%) produced fibre using the same processing 
parameters as for the aqueous PEO solution (Fig. 4.10).  The resulting fibres were 
thicker than the fibres produced using the aqueous solution. The solidification of the 
fibres produced from the nitromethane-based solution proceeded much faster than for 
the fibre produced from the distilled water solution. Table 4.6 shows the physical 
properties of distilled water, nitromethane and each solution. 
                                            Chapter 4. Study of polyethylene oxide (PEO) solutions 
81 
 
Table 4.6. Surface tension, density, viscosity and electrical conductivity for 10 wt% 
concentrations of 200,000 g/mol PEO in distilled water, and nitromethane respectively. 
Solvent and solution 
 
Surface 
tension 
(mN/m) 
Density  
(kg/m³) 
Viscosity 
 (mPa s) 
Electrical 
conductivity 
(mS/m) 
Water 72±1.1 1026±0.8 1.3±0.1 1.2±0.1 
PEO in water 68.9±2.0 1192.8±1.0 631.2±30 222.0±1.0 
Nitromethane 40±3.7 1120.4±1.0 0.6±1.0 24.0±2.0 
PEO in nitromethane 58.5±1.5 1391.6±1.0 996.2±27 150.0±1.0 
 
Fig. 4.11 shows that the average diameter of the fibres increased when the solvent was 
changed from distilled water (1.1 µm) to nitromethane (3.52 µm). The diameter range 
in distilled water was between 0.54 µm and 1.56 µm. And the range of fibre diameter 
in nitromethane was between 1.67 µm and 4.83 µm. The morphology of the fibres 
shows that the solvent selection affected the solidification rate and the thickness of fibre 
formed. 
 
Fig. 4.9. Morphology of electrospun fibres of 200,000 g/mol PEO polymer dissolved 
in distilled water. 
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Fig. 4.10.  Morphology of electrospun fibres of 200,000 g/mol PEO polymer dissolved 
in nitromethane. 
 
 
Fig. 4.11. Mean value of fibres diameter was produced in different solvents: distilled 
water and nitromethane. 
4.2. Effect of mixed solvent  
Two types of PEO polymer, one with a molecular weight of 4,600 g/mol and the other 
with a molecular weight of 200,000 g/mol, were used for investigating how the mixed 
solvent ratio and the solution concentration affected the fibre formation. Each type of 
polymer was dissolved in turn in two sets of mixed solvent.  Set 1 of mixed solvent 
consisted of mixtures of ethanol and distilled water in the ratios A1=1:2, B1=1:1 and 
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C1=2:1. Set 2 consisted of mixtures A2, B2 and C2 of distilled water and nitromethane 
in the same ratios as used in Set 1. The PEO polymer dissolved well in water, and even 
better in ethanol/water mixture [Theron et al. 2001 and 2004, Hore and Hammouda 
2013]. This section describes how the six different PEO solutions were able to produce 
continuous fibres for the generation of self-assembled honeycomb-like structure by 
means of the electrospinning technique.  
4.2.1. Low molecular weight of PEO polymer    
The low density PEO polymer was selected for the first fibre formation experiments 
using mixed solvents. Mixed solvents comprising Sets 1 and 2 were prepared and the 
polymer was dissolved in each of the six mixtures to produce 10 wt% solutions of PEO 
polymer within a period of 60 minutes (Fig.4.12). Concentration of PEO solution, flow 
rate, applied voltage and collection distance were kept constant (Table 4.7).  
Fig 4.12(a) All three mixed solvents of Set 1 produced highly dissolved solutions of the 
low molecular weight polymer. Fig 4.12(b) the three mixed solvents of Set 2 produced 
dissolved solutions. All the solutions were able to generate droplets. 
 
Fig. 4.12. PEO powder was well stirred into the solvent mixture for a period of 60 
minutes to produce a 10 wt% solution. (a) Set 1, ethanol and distilled water in the ratios 
1:2, 1:1, 2:1; (b) Set 2, distilled water and nitromethane in the ratios 1:2, 1:1, 2:1. 
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Table 4.7. List of physical and processing parameters for sample A1, B1, C1, A2, B2, 
C2, respectively. 
Ratio of mixed solvent 
 
Parameter 
 
Sample 
 
Ethanol 
 
Distilled 
water 
 
Flow rate 
(µl/min) 
Applied 
voltage 
(kV) 
Distance 
(mm) 
Dissolving 
time 
(mins) 
 
Spinning 
time 
(mins) 
A1 1 2 20 18.5 140 within 60 1 
B1 1 1 20 18.5 140 within 60 1 
C1 2 1 20 18.5 140 within 60 1 
Sample 
Distilled 
water  
Nitro- 
methane 
Flow rate 
(µl/min) 
Applied 
voltage 
(kV) 
Distance 
(mm) 
Dissolving  
time 
(mins) 
 
A2 1 2 20 18.5 140 within 60 1 
B2 1 1 20 18.5 140 within 60 1 
C2 2 1 20 18.5 140 within 60 1 
 
4.2.1.1. Marking solubility regions on the Teas graph 
The fractional parameters of the mixed solvents used are listed in Section 3.4.1. The 
method of plotting mixed solvents on the Teas graph is showed in Section 3.4.3. The 
mixed solvents were employed to dissolve low molecular weight PEO polymer.  
Each mixed solvent region has been plotted on the Teas graph using the fractional 
parameters and the result is shown on Fig. 4.13. The region appropriate to the solvent 
mixes that were effective at dissolving the low molecular weight PEO polymer have 
been depicted using a green triangle.  The results show that all six mixed solvents 
performed well.  
Ethanol alone will not dissolve low molecular weight PEO polymer, but when used in 
combination with distilled water as part of a mixed solvent it quickly dissolved the low 
molecular weight PEO polymer within 60 minutes. Set 1, i.e. mixtures A1, B1 and C1 
of ethanol and distilled water in the ratios A1=1:2, B1=1:1 and C1=2:1. Hence the use 
of a green triangle to display the mixed solvent region on the Teas graph for samples 
A1, B1 and C1 (Fig. 4.13).   
On their own, nitromethane and distilled water readily dissolve the low molecular 
weight PEO polymer. But when they were combined to produce a mixed solvent, the 
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different mixtures also dissolved the polymer, as indicated by the cloudy nature of the 
samples in Fig 4.12 (b).  Their solutions were named as Set 2, comprising mixtures A2, 
B2 and C2 of distilled water and nitromethane in the ratios 1:2, 1:1 and 2:1 respectively.  
The solvent properties have been plotted on the on the Teas graph (Fig. 4.13) using a 
green triangle.   
For the mixtures of ethanol and distilled water (Table 4.8 and Fig. 4.13), three different 
ratios all indicated weak dispersion force, strong hydrogen bonding, and weak polar 
force. For mixed solvents of nitromethane and distilled water (Table 4.8 and Fig. 4.13), 
three ratios displayed moderate dispersion force, hydrogen bonding force, and polar 
force on the Teas graph. 
Table 4.8. List of intensity of dispersion force, hydrogen bonding force, and polar force 
of mixed solvents on the Teas graph. 
Order on 
Teas graph 
Solvent Dispersion 
force 
Hydrogen 
bonding force 
Polar force 
Ethanol / distilled water 
A1 1:2 Weak Strong Weak 
B1 1:1 Weak Strong Weak 
C1 2:1 Weak Strong Weak 
Distilled water/nitromethane 
A2 1:2 Moderate Moderate Moderate 
B2 1:1 Moderate Moderate Moderate 
C2 2:1 Moderate Moderate Moderate 
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Fig. 4.13. Position of the mixed solvents plotted on the Teas graph using their fractional 
parameters [Burke 1984]. 
4.2.1.2. Droplet size distribution 
Samples A1, B1 and C1 were all found to be sprayable to form droplets (Fig.4.14-4.16). 
The morphology of the samples demonstrate the electrospraying droplets on the 
collection substrate. From sample A1 to sample B1, the amount of distilled water in the 
mixed solvents is progressively decreased (Table 4.7). The average droplet diameter 
for sample A1 was 0.95 µm. With increasing the ratio of distilled water in the mixed 
solvent, the average droplet diameter for sample B1 is 1.70 µm. When the ratio of 
distilled water is diminished in sample C1, the average droplet diameter is reduced to 
1.14 µm. Table 4.9 shows the physical properties of sample A1, B1, C1, A2, B2, and 
C3. 
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Table 4.9. Surface tension, density, viscosity and electrical conductivity for 10 wt% 
concentrations of 6400 g/mol PEO in mixed solvents. 
Sample 
 
Surface 
tension 
(mN/m) 
Density  
(kg/m³) 
Viscosity 
 (mPa s) 
Electrical 
conductivity 
(mS/m) 
Ethanol / distilled water 
A1 26±1.2 964.4±1.4 4.3±3.0 23.8±1.0 
B1 23.4±3.7 931.6±1.0 3.8±2.1 14.3±2.5 
C1 27.4±2.0 900.4±1.5 3.9±1.0 13.2±1.0 
Distilled water / nitromethane 
A2 40.0±2.1 1098.4±1.0 1.9±2.1 78.0±1.0 
B2 40.2±1.5 1082.0±1.0 2.6±2.5 36.5±1.5 
C2 40.8±1.0 1054.4±1.0 2.1±1.5 60.8±1.2 
 
Fig. 4.17 shows that the average droplet diameter decreases as the ratio of ethanol in 
the mixed solvent is increased from 1:2 to 2:1. The mean droplet diameter is 0.95 µm 
at ratio 1:2 (sample A1); the mean of droplet diameter reduces to 1.70 µm at ratio 1:1 
(sample B1); the mean drops to 1.14 µm when the ratio is changed to 2:1 (sample C1). 
Sample A1 produced droplets in the range 0.42-2.23 µm. For sample B1 the range was 
0.58-3.00 µm. And for sample C1, it was 0.45-3.19 µm.  
 
Fig. 4.14. Morphology of electrosprayed droplets of 4,600 g/mol PEO polymer 
dissolved in ethanol/distilled water (1:2). 
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Fig. 4.15. Morphology of electrosprayed droplets of 4,600 g/mol PEO polymer 
dissolved in ethanol/distilled water (1:1). 
 
 
Fig. 4.16. Morphology of electrosprayed droplets of 4,600 g/mol PEO polymer 
dissolved in ethanol/distilled water (2:1). 
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Fig. 4.17. Droplet size distributions formed using the three different mixed solvent 
ratios (A1) 1:2 (ethanol:distilled water); (B1) 1:1(ethanol:distilled water); (C1) 2:1 
(ethanol:distilled water).  
Figs. 4.18-4.20 shows that the low density PEO polymer is able to produce droplets 
when dissolved in a mixed solvent of distilled water and nitromethane. The morphology 
of the droplets visually demonstrated that the droplet diameter decreased with increase 
in the proportion of nitromethane in the solvent mix.   
Fig. 4.21 shows the average droplet diameter changed with variation in the 
nitromethane ratio in the mixed solvent. Besides, Section 4.1.2.1 also proved that the 
solidification and evaporation rates when using nitromethane are higher than when 
using distilled water. Thus the result of Section of 4.1.2.1 demonstrated that 
nitromethane affects the production of electrospun fibres, making them smoother and 
more uniform. Therefore, the droplets generated by electrospinning dried faster and 
most of the solvent evaporated before the droplets landed on the substrate. The average 
diameter of the droplets formed was 6.5 µm, 4.6 µm, 1.61 µm at mixed solvent ratios 
1:2 (sample A2), 1:1(sample B2), 2:1(sample C2) respectively. Fig. 4.21 displayed the 
boiling point of mixtures A2, B2, and C2 reduced gradually from 105 °C to 98 °C.  The 
droplet diameter ranges for mixtures A2 to B2 were 0.46-7.11 µm, 3.03-6.71 µm (Fig. 
4.21) respectively. This was associated with a decrease in the boiling point of the 
successive mixing solvent, and a general decrease in the mean droplet diameter.   
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Fig. 4.18. Morphology of electrosprayed droplets of 4,600 g/mol PEO polymer 
dissolved in distilled water/nitromethane (1:2).  
 
 
Fig. 4.19. Morphology of electrosprayed droplets of 4,600 g/mol PEO polymer 
dissolved in distilled water/nitromethane (1:1). 
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Fig. 4.20. Morphology of electrosprayed droplets of 4,600 g/mol PEO polymer 
dissolved in distilled water/nitromethane (2:1). 
 
 
Fig. 4.21. Droplet size distributions produced using the three mixed solvent ratios (A2) 
1:2 (distilled water:nitromethane); (B2) 1:1(distilled water:nitromethane); (C2) 2:1 
(distilled water:nitromethane).  
 
 
 
                                            Chapter 4. Study of polyethylene oxide (PEO) solutions 
92 
 
4.2.2. High molecular weight of PEO polymer 
In this section, two sets of mixed solvent were used to test the solubility and spinnability 
of the high density (200,000 g/mol) PEO polymer. Set 1 of mixed solvent consisted of 
mixtures of ethanol and distilled water in the ratios A3=1:2, B3=1:1 and C3=2:1. Set 2 
consisted of mixtures A4, B4 and C4 of distilled water and nitromethane in the same 
ratios as used in Set 1. PEO polymer powder was dissolved in the two sets of mixed 
solvents, individually, within a period of 60 minutes (Fig.4.22). The concentration of 
PEO solution, flow rate, applied voltage and collection distance were all kept constant 
(Table 4.10). Fig 4.12(a) shows dissolved PEO solutions in the mixed solvents of 
ethanol and distilled water. Fig 4.12(b) also shows dissolved solutions of PEO polymer 
in the mixture solvents of nitromethane and distilled water. Gupta et al. [2005] 
discovered that as polymer molecular weight increased the diameter of beads and bead-
on-string is decreased. Many other investigators or investigations have reported that 
higher molecular weight of polymer reduced the diameter of fibres. Geng et al. [2005] 
found that a low density polyethylene solution generated thin fibres with rough surface. 
If using poly(N-isopropyl acrylamide) solution, and selecting the lower molecular 
weight of this polymer, narrower fibres were formed, that were also more densely 
packed [Chen and Hsieh 2004].  
Table 4.10. List of physical and processing parameters for sample A3, B3, C3, A4, B4, 
C4, respectively. 
Ratio of mixed solvent 
 
Parameter 
 
Sample 
 
Ethanol 
 
Distilled 
water 
 
Flow rate 
(µl/min) 
Applied 
voltage 
(kV) 
Distance 
(mm) 
Dissolving  
Duration 
(mins) 
 
Spinning 
time 
(mins) 
A3 1 2 20 18.5 140 within 720 1 
B3 1 1 20 18.5 140 within 720 1 
C3 2 1 20 18.5 140 within 720 1 
Sample 
Distilled 
water Nitromethane 
Flow rate 
(µl/min) 
Applied 
voltage 
(kV) 
Distance 
(mm) 
Dissolving  
duration(mi
ns) 
 
A4 1 2 20 18.5 140 within 720 1 
B4 1 1 20 18.5 140 within 720 1 
C4 2 1 20 18.5 140 within 720 1 
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Fig. 4.22. 10 wt% PEO solutions were dissolved using mixed solvents within 60 
minutes. (a) Set1, ethanol and distilled water in ratio 1:2, 1:1, 2:1; (b) Set 2, distilled 
water and nitromethane in ratio 1:2, 1:1, 2:1.  
 
4.2.2.1. Marking solubility regions on the Teas graph  
The fractional parameters of the mixed solvent used are explained in Section 3.4.1. The 
method of plotting mixed solvents on the Teas graph is shown in Section 3.4.3. The 
investigation of this section repeats the Section 4.2.1. The difference was that the high 
molecular weight of PEO polymer was employed and the preparation time was 720 
minutes. Each mixed solvent region was plotted on Teas graph using fractional 
parameters using Burke’s investigation of solubility parameter [1984], in Fig. 4.23. The 
soluble solvents was plotted using a green triangle. The positions of the points on the 
Teas graph indicate that the six mixed solvents performed well. The high molecular 
weight PEO polymer would not dissolve in ethanol, but the mixture of ethanol and 
distilled water performed well, quickly dissolving the high density PEO polymer. Both 
nitromethane and distilled water are soluble solvents for high density PEO polymer, as 
identified in Section 4.1.2.  
 
For the mixtures of ethanol and distilled water (Table 4.11), the position of samples 
A3, B3 and C3 indicate weak dispersion force, strong hydrogen bonding, and weak 
polar force. For mixed solvents of nitromethane and distilled water (Table 4.11), the 
positions of samples A4, B4 and C4 display moderate dispersion force, hydrogen 
bonding force, and polar force on the Teas graph. The results of the extent of solvent 
molecules’ interaction forces achieved are the same as the results in Section 4.2.1.1. 
                                            Chapter 4. Study of polyethylene oxide (PEO) solutions 
94 
 
Table 4.11. List of intensity of dispersion force, hydrogen bonding force, and polar 
force of the mixed solvents, from the Teas graph. 
 
 
Fig. 4.23. Two sets of mixed solvents plotted on the Teas graph using their fractional 
parameter [Burke 1984].  
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4.2.2.2. Fibre size distribution  
 
Table 4.12. Surface tension, density, viscosity and electrical conductivity for 10 wt% 
concentrations of 200,000 g/mol PEO in mixed solvents. 
Sample 
 
Surface 
tension 
(mN/m) 
Density  
(kg/m³) 
Viscosity 
 (mPa s) 
Electrical 
conductivity 
(mS/m) 
Ethanol / distilled water 
A3 48.0±1.0 957.6±1.4 926.8±30 50.7±1.0 
B3 39.1±3.1 933.6±1.0 927.5±28 40.2±2.1 
C3 36.7±10 903.6±1.0 892.8±22 23.7±1.5 
Distilled water / nitromethane 
A4 50.2±2.1 1082.8±1.0 500.3±23 217.0±2.1 
B4 53.7±1.5 1077.2±1.0 629.9±20 241.0±1.0 
C4 54.6±1.0 1102.8±1.0 973.0±31 166.1±1.2 
 
Figs. 4.24-4.26 show the morphology of fibres produced by electrospinning high 
density PEO polymer solutions using mixed solvents of ethanol and distilled water. 
And Table 4.12 shows the physical properties of sample A3, B3, C3, A4, B4, and C4. 
Fig. 4.24 shows that a 10 wt% solution of 200,000 g/mol PEO polymer dissolved in a 
mixed solvent composed of ethanol and distilled water in the ratio 1:2 (Sample A3) 
produced fibres and bead-on-string morphology at the same time. And Sample A3 
contained a higher ratio of distilled water in the solvent mix than samples B3 and C3. 
When decreasing the ratio of distilled water for three samples, the incidence of 
occurrence of bead-on-string morphology was reduced or even vanished. Because the 
proportion of water in Samples A3 and B3 is higher than in Sample C3, some fibres 
were still fused together or stuck on the surface of the substrate. The result represented 
the proportion of distilled water affected the solidification and morphology of fibre 
formation. At lower proportions of distilled water, the fibre solidification developed 
and the smoothness of the fibre surface improved (Fig. 4.26).  Fig. 4.27 shows that the 
smallest average diameter of fibre decreased to 0.16 μm (Sample B3) when the mixture 
of ethanol and distilled water was 1:1. The largest mean fibre diameter observed was 
achieved at a mixed solvent ratio of 1:2 ethanol: distilled water.  
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Fig. 4.24. Morphology of electrospun fibres produced from a 10 wt% solution of 
200,000 g/mol PEO polymer dissolved in ethanol/distilled water (1:2).  
 
 
Fig. 4.25. Morphology of electrospun fibres produced from a 10 wt% solution of 
200,000 g/mol PEO polymer dissolved in ethanol/distilled water (1:1). 
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Fig. 4.26. Morphology of electrospun fibres produced from a 10 wt% solution of 
200,000 g/mol PEO polymer dissolved in ethanol/distilled water (2:1).  
 
 
Fig. 4.27. Fibre diameter distribution was formed in three different mixed solvents, 
solvent ratio was (A3) 1:2 (ethanol:distilled water); (B3) 1:1(ethanol:distilled water); 
(C3) 2:1 (ethanol:distilled water).  
Figs. 4.28-4.30 display the morphology of electrospun fibres produced using solvent 
ratios 1:2 (distilled water/nitromethane), 1:1 (distilled water/nitromethane), and 2:1 
(distilled water/nitromethane) respectively. As the proportion of nitromethane in the 
mixed solvent was decreased the solidification of fibres seems to be interrupted and 
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beaded nanofibres appeared only gradually. The morphology of the fibres in sample A4 
was uniform and smooth. Sample B4 demonstrated the combination of fibres and bead-
on-string morphology. When the mixed solvent ratio changed to 2:1 (distilled 
water/nitromethane), the fibres were fused on each other, and beaded fibres also fused 
to the substrate in the case of Sample C4. These results illustrate how fibre formation 
was affected by changing the proportion of nitromethane in the mixed solvent.  
Fig. 4.31 shows that the mean fibre diameter decreased when the boiling point of mixed 
solvent increased. The mixed solvent on the wet fibre evaporated fast with high boiling 
point, thus the diameter of the fibre was influenced. The fibre diameter reduced while 
the density and boiling point of solvent increased [Wannatong et al. 2004, Zuo et al. 
2005, Liu and Kumar 2005]. The mean fibre diameter was 0.52 μm at a boiling point 
of 101.99 °C. The mean fibre diameter reduced to 0.39 μm, when the boiling point 
dropped to 101.5 °C. The mean value decreased to 0.23 μm while the boiling point 
reduced to 101 °C.  
 
 
Fig. 4.28. Morphology of fibres produced by electrospinning a 10 wt% solution of 
200,000 g/mol PEO polymer dissolved in distilled water/nitromethane (1:2).  
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Fig. 4.29. Morphology of fibres produced by electrospinning a 10 wt% solution of 
200,000 g/mol PEO polymer dissolved in distilled water/nitromethane (1:1). 
 
 
Fig. 4.30. Morphology of fibres produced by electrospinning a 10 wt% solution of 
200,000 g/mol PEO polymer dissolved in distilled water/nitromethane (2:1). 
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Fig. 4.31. Fibre diameter distribution was formed in three different mixed solvents. The 
solvent mixture ratios used were (A4) distilled water/nitromethane (1:2); (B4) distilled 
water/nitromethane (1:1); (C4) distilled water/nitromethane (2:1).  
 
4.3. Study of PEO concentration and morphology of electrospun beaded fibre  
 
This section is about investigating the PEO fibre formation with increasing PEO 
concentration. PEO polymer with a molecular weight of 200,000 g/mol was used to 
prepare aqueous solutions at three different concentrations for use in fibre production 
by electrospinning. Table 4.13 shows the percentage of PEO polymer by weight that 
was dissolved in distilled water in each case. Samples D, E and F were produced under 
constant conditions by the electrospinning technique (Table 4.13). The solution flow 
rate was adjusted to 20 µl/min. An electrical charge of 18.5 kV was applied to the 
solution. The deposition distance was extended to 140 mm. The dissolution time was 
within 720 minutes to achieve the solutions in Fig. 4.32.  
Table 4.13. The concentrations of aqueous PEO solutions and the parameters used.  
 Solution concentration (%)  
 
 Parameter 
 
Sample 
 
Water 
(g) 
PEO 
(g) 
Flow rate 
(µl/min) 
Applied 
voltage 
(kV) 
Distance 
 (mm) 
Dissolving 
duration(mins) 
D 99.0 1.0 20 18.5 140 within 720 
E 97.5 2.5 20 18.5 140 within 720 
F 95.0 5.0 20 18.5 140 within 720 
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In the case of Sample D, the polymer dissolved fully to give a transparent solution (Fig. 
4.32(D)). Samples E and F remained cloudy even after 720 minutes of mixing. This 
result showed how the concentration of the PEO solution affected its colour. With 
increasing weight of PEO polymer powder, the transparency of solution slightly 
decreased, and the dissolution time of the polymer increased. Therefore, the sample E 
was more cloudy than the sample D, and the sample F was more cloudy than the sample 
D and F. Because the sample F contained the highest mass of polymer powder. But all 
three samples were capable of being electrospun and of forming fibres or beaded fibres 
(Fig. 4.24).  
 
Fig. 4.32. PEO polymer is dissolved by distilled water within 60 minutes. A transparent 
solution was achieved for Sample D at a concentration of 1 wt%.  The solution was 
cloudy in the case of Sample E and F at PEO concentrations of 2.5 wt% and 5 wt%, 
respectively. 
 
4.3.1. Beaded fibre size distribution  
Table 4.14. Surface tension, density, viscosity and electrical conductivity for different 
concentrations of 200,000 g/mol PEO in distilled water. 
Sample 
 
Surface 
tension 
(mN/m) 
Density  
(kg/m³) 
Viscosity 
 (mPa s) 
Electrical 
conductivity (mS/m) 
Distilled water 72.0±1.1 1026±0.8 1.3±0.1 1.2±0.1 
D 61.5±1.6 1001.6±1.4 2.5±1.0 94.3±1.0 
E 62.4±1.5 1003.6±1.0 7.6±0.5 197.2±2.0 
F 63.5±1.2 1006.8±1.0 28.7±1.0 191.7±1.5 
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Table 4.14 shows the physical properties of solvent distilled water, and sample D, E 
and F. In Figs. 4.33-4.35, the morphology of electrospun beaded fibres has changed 
with increase in the concentration of PEO solution. At the lowest concentration (1 
wt%), only droplets appeared in the Fig. 4.33. When the concentration increased to 2.5 
wt%, the transition of very thin fibres and beads occurred in Fig. 4.34. The transition 
of electrospun fibre is that fibres are drawn out from two ends of a bead, but the fibres 
are short and break up after a certain length. As the concentration was further increased 
to 5 wt%, the transition of very thin fibres and beads continued to occur as in Fig. 4.35. 
Therefore, when the concentration is very low, the micro/nano particle is observed 
[Deizel et al. 2001]. While the solution concentration is a little higher, beaded fibres 
are generated [Fong et al. 1999, Lee et al. 2003, Eda and Shivkumar 2007].   
Fig. 4.36 shows the mean bead diameter decreased as the solution concentration was 
gradually increased. At 1 wt% concentration, the mean bead diameter was 0.7 μm. If 
the concentration was raised to 2.5 wt%, the mean bead diameter dropped to 0.44 μm. 
If the concentration was increased to 5 wt%, the mean bead diameter decreased to 0.36 
μm. In general, when the concentration increased to very high level the fibre diameter 
increased and the bead size decreased [Li and Wang 2013]. 
 
Fig. 4.33. Morphology of beads produced by electrospinning a 1 wt% solution of 
200,000 g/mol PEO polymer dissolved in distilled water.  
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Fig. 4.34. Morphology of beaded fibres produced by electrospinning a 2.5 wt% solution 
of 200,000 g/mol PEO polymer dissolved in distilled water.  
 
 
Fig. 4.35. Morphology of beaded fibres produced by electrospinning a 5 wt% solution 
of 200,000 g/mol PEO polymer dissolved in distilled water.   
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Fig. 4.36. Bead diameter distribution formed by electrospinning aqueous PEO polymer 
solutions at three different concentrations: (D) 1 wt% (E) 2.5 wt% (F) 5 wt%.  
4.4. Summary 
Two types of PEO polymer, a lower molecular weight of 4,600 g/mol and a higher 
molecular weight of 200,000 g/mol, were dissolved in a variety of solvents comprising 
distilled water, ethanol, acetone, glycerol, ethylene glycol, methanol, n-propanol, n-
pentanol, di(ethylene glycol), tetrahydrofuran, ethyl acetate, methyl acetate, and 
nitromethane respectively. The lighter PEO polymer was able to fully dissolve in 
distilled water, methanol and nitromethane, and formed droplets in the electrospraying 
process. The aqueous solution produced droplets with the smallest diameter. The largest 
diameter droplets were produced using nitromethane as the solvent. The heavier PEO 
polymer only dissolved in distilled water and nitromethane. Both of these solutions 
generated fibre in the electrospinning process. The thickness of electrospun fibre was 
greater with the nitromethane solution than with the aqueous solution. The soluble and 
insoluble solvents displayed on the Teas graph that the position of each solvent was a 
joint point of its three fractional parameters.   
The solubility of both weights of PEO polymer in the two sets of mixed solvents was 
also investigated.  The mixed solvents used comprised ethanol mixed with water, and 
water mixed with nitromethane. Both weights of PEO polymer dissolved in both sets 
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of mixed solvents. The solutions of the lower molecular weight of PEO polymer both 
formed droplets.  The solutions of the higher molecular weight of PEO polymer both 
produced continuous fibre or beaded fibre.  The positions of the mixed solvents were 
plotted on the Teas graph in accordance with the method explained in Section 3.4.3. 
And the better fibre morphology was produced using the mixed solvent comprising 
ethanol and water. 
PEO polymer with the higher molecular weight of 200,000 g/mol was used to study the 
variation in fibre morphology with solution concentration. Increasing the solution 
concentration enhanced the continuity of beaded fibre. And the bead diameter was 
found to be decreased related to the concentration of the PEO polymer solution.  
In this chapter, distilled water was a fast soluble solvent to dissolve the PEO polymer, 
and the formation of a continuous fibre generated with increasing the concentration of 
the PEO solution. All of these useful investigations will encourage the generation of 
3D honeycomb-like structure in Chapter 5. 
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5. Generation of honeycomb-like structure 
 
_________________________________________ 
5.1. Effect of PEO concentration  
In this section, PEO (molecular weight 200,000 g/mol) is dissolved in distilled water to 
provide a solution for electrospinning to form honeycomb structure. The PEO polymer 
with a molecular weight of 200,000 g/mol has very high viscosity and long molecular 
chain, which will promote the spinning of continuous fibres. 
After varying the material properties and dynamic parameters to produce honeycomb 
structure by using the electrospinning technique, the results show how concentration of 
PEO solution, fibre collection distance, and collection substrate all affect the visual 
definition of self-assembly honeycomb formation.  
Also 12 wt%, 13 wt%, 14 wt%, and 15 wt% concentrations of PEO solution were used 
for clarifying what parameters affect honeycomb formation. Table 5.1 presents the 
physical properties of distilled water and each solution. 
Table 5.1. Surface tension, density, viscosity and electrical conductivity for different 
concentrations of PEO in aqueous solution. 
Solution 
 
Surface 
tension 
(mN/m) 
Density  
(kg/m³) 
Viscosity 
 (mPa s) 
Electrical 
conductivity 
(mS/m) 
Forming time 
(min) 
Distilled 
water 72±1.1 1026±0.8 1.3±0.1 1.2±0.1 - 
12wt% 68±1.3 1045±1.1 1128±23 21.0±1 24 
13wt% 68±1.0 1049±0.9 1631±22 21.8±1 20 
14wt% 69±1.6 1050±1.4 1650±33 22.0±1 17 
15wt% 71±3.7 1053±1.0 2666±53 25.0±2 12 
                                                  Chapter 5. Generation of honeycomb-like structure 
107 
 
A flow rate of 20 µl/min and an applied voltage of 9.7 kV were used to process the 12 
wt%, 13 wt%, 14 wt% and 15 wt% solutions. The aluminium substrate was placed 
below the nozzle at a distance of ~ 100 mm from the orifice of the nozzle to collect the 
electrospun nanofibres. For all three solutions jetting was stable under these conditions 
and the collection distance was set to 100 mm. Table 5.2 presents the processing 
parameters used with increasing concentration of PEO polymer, and records the 
stability of the jet produced. 
Table 5.2. Processing parameters of PEO solution at 12 wt%, 13 wt%, 14 wt% and 15 
wt% concentrations of PEO solution used to investigate how PEO concentration affects 
the formation of fibre. 
Sample 
 
Solution 
concentration 
Voltage 
(kV) 
Collection 
distance (mm) 
Flow rate 
(ml/min) 
Jet stability 
 
1 12wt% 9.7 100 20 Stable 
2 13wt% 9.7 100 20 Stable 
3 14wt% 9.7 100 20 Stable 
3 15wt% 9.7 100 20 Stable 
 
5.1.1. Macrostructure with varying PEO concentration 
Figure 5.1 shows the 3-D self-assembled macrostructures obtained using the 12 wt%, 
13 wt%, 14 wt% and 15 wt% PEO solutions. The inset also shows the corresponding 
high magnification images of these. The diameter of the structures decreased with 
increase in concentration of PEO solution. For the 12 wt%, the diameter is in the range 
of ~50-55 mm, for 13 wt% it is ~48-53 mm, and for 14wt% it is ~40-45 mm. For the 
15 wt% of PEO solution the diameter decreased further to ~30-40 mm. The nanofibrous 
structures have nano-web meshes with well-defined boundaries. These are formed by 
self-alignment of the nanofibres during the electrospinning process. The boundaries 
consist of polymer beads which are more or less connected to each other to form the 
structures. The porous structure exhibits a polygonal like shape and runs to a depth of 
~0.2-1.0 mm below the surface. The pore size of the honeycombs also changed with 
the PEO solution concentration and this is discussed below in Section 5.4. 
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Fig. 5.1. Macro and microstructures (inset) of self-assembled 3-D honeycomb-like 
nanofibrous structures obtained for different concentrations of PEO solution: (a) 12 
wt% (b) 13 wt% (c) 14 wt% (d) 15 wt%. 
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5.1.2 Beads 
Fig. 5.3(a)-(d) shows the self-assembled honeycomb-like structures of the PEO 
solutions at higher magnifications. In each case bead-on-string morphology was 
observed (Fig. 5.3(e)-(h)). The bead diameter was irregular at each PEO concentration. 
The diameters of the beads are ~1.6-10.8 µm, ~1.1-2.5 µm, ~2.9-7.3 µm and ~1.4-2.2 
µm for 12 wt%, 13 wt%, 14 wt% and 15 wt% PEO solutions, respectively. But the total 
numbers of beads decrease with increasing PEO concentration. These are similar to the 
observations of Fong et al. [1999] and Lee et al. [2003]. The diameter of the nanofibres 
range from ~50-300 nm, ~43-454 nm, ~70-510 nm and ~90-600 nm for 12 wt%, 13 
wt%, 14 wt% and 15 wt% PEO solutions, respectively. The most characteristic self-
assembled honeycomb-like nanofibrous structure was achieved at 12 wt% PEO 
solution (Fig. 5.3(a)). In addition, the time to form this structure decreased with the 
increase of viscosity of the PEO solution (Table 5.1). It was ~12 mins for 15 wt%, 
which is nearly half the time taken for the 12wt%. Fig. 5.2(1)-(2) shows the 3D 
honeycomb structures obtained from JSM-6301F field-emission SEM for the 12 wt% 
and 13 wt% of PEO solutions, respectively. The porous structure exhibits a polygonal 
like shape and runs to a depth of ~0.2-1.0 mm below the surface. 
 
Fig. 5.2. (1) and (2) are 3D honeycomb structures at 12 wt% and 13 wt%, respectively.  
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Fig. 5.3. Morphology of nanofibres and nanofibrous structures obtained from PEO 
solutions. (a), (b), (c) and (d) are low magnification images of the structures formed at 
12 wt%, 13 wt%, 14 wt% and 15 wt% of PEO solution, respectively. (e), (f), (g) and 
(h) are high magnification images of the corresponding structures.  
 
                                                  Chapter 5. Generation of honeycomb-like structure 
111 
 
5.1.3 Nanofibre distribution 
The polymer concentration has a significant effect on the size of polymer fibres and 
beads [Deitzel et al. 2001, Fong et al. 1999, He et al. 2011]. At a lower concentration 
of polymer, the electrospinning process generates a mixture of fibres and the beads. At 
higher concentrations, the nanofibres formed are regular and have cylindrical 
morphology [Deitzel et al. 2001] and the most likely reason for this could be the 
increase in viscosity [Fong et al. 1999]. In addition, the surface tension of the polymer 
solution depends on the type of polymer and the solvent used [Fong et al. 1999] and, 
generally, decreasing the surface tension of the polymer solution increases the diameter 
of the electrospun fibres [Fong et al. 1999]. However, in this work, the change in PEO 
concentration did not cause a dramatic difference to the surface tension (Table 5.1) in 
contrast to the viscosity which increased by over three orders of magnitude and was the 
likely reason for the geometrical changes in the fibre structures.   
During electrospinning the electric charges are carried by nanofibres and the beads. The 
quantity of charge depends on the size of the fibres and the beads and larger fibre and 
bead sizes have higher surface charges compared with the smaller counterparts [Fong 
et al. 1999]. These repel each other but are attracted to the grounded substrate during 
deposition. In addition, the fibres and the beads possess surface tension that wet and 
induce sticking together. The competing action of these two forces leads to self-
alignment of nanofibres and consequently they are in a position to minimise their 
internal energy. Thus, this self-assembly leads to well defined characteristic 3-D 
nanofibrous structures. Over time, the charge density of the nanofibres increases and 
therefore the electrostatic repulsion to the incoming nanofibres increases to prevent the 
formation of a honeycomb structure. By invoking the model proposed by Yan et al. 
[Yan et al. 2011], when two or more nanofibres contact each other at a particular point 
the surface tension drives the nanofibres to join each other, on the other hand the 
electrostatic repulsive force keeps the fibres away and this leads to partial overlapping 
of the nanofibres. The increase in applied electrostatic repulsive force, and the action 
of surface tension pushing the nanofibres into contact with each other, together lead to 
the formation of the branched nanofibrous structures. The overlapping of these 
branched structures at a certain angle forms the honeycomb structures.            
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5.2. Effect of collection substrate 
Aluminium foil was wrapped around a standard glass microscope slide and used as one 
of the substrates, while the glass slide without wrapping was used for comparison. 
Table 5.3 represents the processing parameters used to achieve the honeycomb-like 
structure whilst varying the material of the collection substrate. Fig. 5.4 shows the 
nanofibre morphologies of the 14 wt% PEO solution deposited on these two substrates.  
The diameter of the whole honeycomb-like nanofibrous structure is ~45.6 mm and 
~31.7 mm on the aluminium and the glass substrate, respectively, while keeping all 
other parameters the same. It is showing that varying the collection substrate material 
and thereby the substrate electrical conductivity can influence the size of the whole 
structure obtained. The structure on the insulating substrate is more compact than the 
structure on the more electrically conducting substrate. The results demonstrate that the 
electric field strength strongly influences the structure configuration [Uecker et al. 
2010]. 
Table 5.3 Processing parameters of PEO solution at 14% w/w concentrations of PEO 
solution used to investigate how the collection substrate influences the formation of 
honeycomb structure. 
Sample 
 
Solution 
concentration 
Voltage 
(kV) 
Collection 
distance 
(mm) 
Flow rate 
(ml/min) 
Jet 
stability 
 
Substrate 
a 14%w/w 9.7 100 20 Stable Aluminium 
b 14%w/w 9.7 100 20 Stable Glass 
 
5.2.1 Description of the pores 
The pore size varied between ~63 µm and ~380 µm on glass and ~150 µm to ~390 µm 
on the aluminium. Furthermore, the formed nanofibrous structures on the glass slide 
were more regular and visible than the structure formed on the aluminium (Fig. 5.4).  
These results demonstrated that the surface of the substrate has a significant effect on 
nanofibre self-assembly. Yan et al. [2011] observed that larger pores were formed on 
an insulating substrate than on a conducting substrate. On the other hand, 
Thandavamoorthy et al. [2006] also demonstrated that if a poor electrical conductor 
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was used as a collector, then the formation of a well-defined three-dimensional 
honeycomb-like pattern will be enhanced. The evolution of pores in these types of 
structures is more complicated and dependent on many factors, as explained in section 
5.4 below. 
 
Fig. 5.4.  Macrostructures of self-assembled 3-D honeycomb-like nanofibrous 
structures formed on different substrates using 14 wt% of PEO (a) aluminium (b) glass, 
at 9.7 kV, 20 ml/min flow rate, and 100 mm collection distance. 
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5.3. Effect of collection distance 
5.3.1 Description of the honeycomb structures obtained using different 
concentrations of PEO solution 
The working or collection distance between the orifice of the nozzle and the substrate 
was varied to study its effect on the formation of the structures. For this purpose PEO 
solutions with a concentration of 12 wt% and 14 wt% were chosen. It was found that 
different concentrations of PEO solution each have their optimum collection distance 
to form the most well-defined three-dimensional honeycomb-like structures.  
The 12 wt% PEO solution starts to form the structure when the collection distance was 
~80 mm. However, the 14 wt% of PEO solution is able to generate the structure at ~100 
mm (Fig. 5.5). Table 5.4 shows the processing parameters used for this Section 5.3.1 
investigation. Characteristic hexagonal pores were obtained when the collection 
distance was ~85 mm and ~100 mm for 12 wt% and 14 wt%, respectively (Fig. 5.5 (b) 
and (e)). It is also clearly seen that the nanofibres haven’t had enough time to evaporate 
and dry out to form the structures when the collection distance is below the optimum 
collection distance (Fig. 5.5 (a) and (d)).  
On the contrary, increasing the collection distance above the optimum collection 
distance has allowed wet nanofibres more time to dry out and form a shallow porous 
wall (Fig. 5.5 (c) and (f)). Luo et al. [2010] reported that increasing the collection 
distance decreased the electric field strength and this offers more spinning time for 
nanofibres thus leading to a solidification of the nanofibres before touching the 
substrate. These results are also consistent with the results of Yan et al. [2011] who 
explained that increasing the collection distance offers more time for evaporation of the 
solvent and eventually leads to the solidification of nanofibres.  
Table 5.4 Processing parameters of PEO solution at 12% w/w and 14% w/w 
concentrations of PEO solution that were used to investigate the collection distance 
effects the formation. 
 
                                                  Chapter 5. Generation of honeycomb-like structure 
115 
 
Sample 
 
Solution 
concentration 
Voltage 
(kV) 
Collection 
distance 
(mm) 
Flow rate 
(ml/min) 
Jet 
stability 
1 12%w/w 7.8 80 20 Stable 
2 12%w/w 8.0 85 20 Stable 
3 12%w/w 8.1 90 20 Stable 
4 14%w/w 9.3 97 20 Stable 
5 14%w/w 9.7 100 20 Stable 
6 14%w/w 10.2 150 20 Stable 
 
5.3.2 Pores 
Fig. 5.5 (a) shows that walls of each pore are fragmentary and more pronounced beads 
were randomly distributed. This is because the collection distance was not long enough 
to given enough time for evaporation of the solvent from the wet nanofibres.  
A similar observation was found for the 14 wt% PEO solution at a collection distance 
of 95 mm (Fig. 5.5 (d)). At a concentration of 12 wt%, the pore sizes varied between 
~110-570 µm, ~185-582 µm and ~200-780 µm for collection distances of 80 mm, 85 
mm and 90 mm, respectively. This shows that increasing the collection distance 
increases the pore sizes. In addition, when the concentration is 14 wt%, the pore size is 
in the range of ~60-260 µm and ~110-460 µm for collection distances of 95 mm and 
100 mm, respectively.  
These results demonstrate that the collection distance influences the pore size of the 
honeycomb-like structures. However, the pores are not apparent when the collection 
distance is 150 mm (Fig. 5.5 (f)). In addition, it was also observed that by reducing the 
collection distance below the optimum value resulted in wetting of the substrates. A 
characteristics polygonal shape was formed when the collection distance is set at an 
optimum length. 
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Fig. 5.5. SEM images of self-assembled 3-D honeycomb-like nanofibrous structures 
collected on aluminium with different collecting distances for PEO concentrations of 
12 wt% and 14 wt% while keeping other parameters (listed) constant. For 12 wt% PEO, 
the collection distance was (a) 80 mm (b) 85 mm and (c) 90 mm. For 14 wt% of PEO 
corresponding values were (d) 95 mm (e) 100 mm and (f) 150 mm.  
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5.4. Pore size  
The pore size variation in the structure with different variables of the electrospinning 
process is shown in Fig. 5.6. It is noteworthy that the molecular weight of the PEO used 
will affect the characteristics of the fibres generated [Luo et al. 2010] and therefore the 
features of the honeycomb structure, in particular selecting a PEO polymer with a 
different molecular weight can change the pore size. The 12 wt% PEO solution shows 
an average pore size of 436 µm with a standard deviation of 184 µm. On the other hand, 
the 13 wt% PEO shows an average pore size of 301 µm with a standard deviation of 
168 µm. The 14 wt% PEO solution results in an average pore size of 218 µm with a 
standard deviation of 59 µm. Thus, pore size is halved for this concentration compared 
to 12 wt%.  An average pore size of 224 µm was obtained for the 15 wt% PEO solution, 
a slight increase compared with 14 wt%. The addition of NaCl crystals to polymer 
solutions can give an increase in pore size [Wright et al. 2011]. In fact, here the average 
pore size increased by an order of magnitude. However, the addition of carbon 
nanotubes to polymer solutions showed a maximum porosity of the nanofibrous 
structures at a particular concentration [Meng et al. 2010]. Generally, the addition of 
NaCl to polymer solutions will increase the electrical conductivity due to incidental 
ionic species [Andrady 2008]. Similarly, addition of carbon nanotubes to polymer 
solution changes the solution conductivity and imparts a greater tensile force which 
increases stretching and splitting of the jet. This will have an effect on the spontaneous 
alignment of the structures. Consequently, this will have an influence on the pore size 
of the nanofibrous structures.  Even though there are no NaCl crystals or carbon 
nanotubes in the polymer solutions used in the present work, an increase in electrical 
conductivity was observed with the increase in polymer concentrations (Table 5.1).   
A pore size of 165 µm was obtained for the glass substrate while a pore size of 219 µm 
was observed for the aluminium substrate. Yang et al. [2004] reported that the 
collection substrate has an influence on porosity and close arrangement of nanofibres. 
A decrease in pore size has been observed with decreasing electrospinning voltage [Yan 
et al. 2011]. Similarly, Touny and Bhaduri [2010] reported more pore formation and 
the presence of larger diameter nanofibres with increasing voltage. In this work, the 
spinning voltage is kept constant for the two cases illustrated in Fig. 5.6 (b). However, 
the generated electric field lines will be different for the insulating substrate and 
conducting substrate, and this will create a different alignment and packing of fibres 
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leading to a different variation in the pore size. The pore size variation with the 
collection distance is shown in Fig. 5.6 (c) and (d) for 12 wt% and 14 wt% PEO. In 
both cases, increasing the collection distance increased the pore size. The pore size 
produced varied from 210 µm to 360 µm at 12 wt% PEO and 180 µm to 270 µm at 14 
wt% PEO, respectively. This is because at the shorter distance the nanofibres are wet 
and stick to each other. However, at the longer distance they are drier and do not merge 
together. In addition, the electrospinning process takes place over a shorter time period 
at the shorter working distances. Therefore, the dissipation of heat is less at shorter 
working distances and can lead to change in the morphology of the nanofibres and the 
nanofibrous structures [Touny and Bhaduri 2010]. 
 
 
Fig. 5.6. Pore size in the honeycomb-like structures with respect to (a) concentration at 
9.7 kV, 20 µl/min flow rate, and 100 mm collection distance; (b) substrate at 9.7 kV, 
20 µl/min flow rate, and 100 mm collection distance; (c) and (d) collection distance, 
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flow rate in both is 20 µl/min, for 12 wt% PEO, 80 mm collection distance corresponds 
to 7.8 kV, 85 mm to 8.0 kV, 90 mm to 8.1kV; for 14wt% PEO, 97 mm collection 
distance corresponds to 9.3 kV, 100 mm to 9.7 kV, 150 mm to 10.2 kV. In all cases 
stable jetting prevailed.  
5.5. Summary 
The formation of 3D honeycomb-like structure was influenced dramatically by physical 
and processing parameters. They included concentration of PEO solution, substrate 
nature and collection distance.  
Increasing the concentration of PEO solution increased the diameter of the fibre and 
reduced the size of the beads. This is because the higher the concentration of the 
solution, the greater the surface tension, which causes the fibre thickness to be thicker 
and the beads shape to be longer and thinner.   
The nature of the substrate was another factor that influenced the creation of the 3D 
honeycomb-like structure. The structure that formed on a non-conducting substrate (or 
insulator) was found to be more regular defined than the structure that formed on a 
conducting substrate. The electric field force was not active between the non-
conductive substrate and the charged nozzle. Hence the charged electrospun wet fibre 
experienced a smaller repulsive force to spin and deposit it on the substrate. This also 
explains why the macro size of 3D honeycomb-like structure that forms on the 
collection substrate is smaller on the non-conductive substrate than it is on the 
conducting substrate.  
The collection distance also played an important role in the formation of well-defined 
3D honeycomb-like structure.  For example a 12% w/w PEO solution was observed to 
form the most defined honeycomb-like structure when the collection distance was set 
at 85mm.  This dimension is referred to as its optimum collection distance. If the 
collection distance was made shorter than 85 mm, the electrospun fibre didn’t dry out 
within the reduced flight distance, and was unable to form porous structure. On the 
contrary, if the collection distance was extended above 85 mm, the wet fibre would be 
over dried by the time it reached the collection substrate and more likely to deposit in 
the form of a flat fibre sheet. In addition, the charged fibre preferred to land on the high 
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edge of the collector where the electric field force was more concentrated. This explains 
how the wall of pores was generated.  
PEO polymer is a type of water-soluble polymer and the presence of water in the 
atmosphere clearly affects the generation of porous structure, as demonstrated in this 
research. Thus the relative humidity can enhance the formation of porous structure 
when other parameters remain constant. The next chapter will display the morphology 
of 3D honeycomb-like structure by varying the humidity from 53% to 93%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                          Chapter 6. Study of relative humidity 
121 
 
 
6. Study of relative humidity 
_________________________________________ 
6.1. Hydrophilic polymer (PEO) and increasing relative humidity 
6.1.1 Structure characteristics  
The structures were generated by electrospinning 15 wt% of PEO polymer in distilled 
water. Each is analysed by reference to its central region and the edge, the area in 
between is referred to as the middle. This polymer solution (Table 6.1) is capable of 
generating continuous nanofibres between 53% (RH) and 93% (RH) because of its high 
viscosity [Yan et al. 2011].  
When varying the humidity, the collection distance between the orifice of the nozzle 
and the glass slides was kept at 100 mm, the flow rate and applied voltage used were 
20 μl/min and 13.8 kV, respectively. Thus, the electric field strength, which is 
dependent on the collection distance and the applied voltage, was also kept constant. 
Forming time was ~16 mins. The experimental ambient temperature was always 
maintained at ~25 °C.  
Table 6.1. Physical properties of PEO solution and distilled water used in this 
investigation. 
Solution 
Surface Tension 
(mN/m) 
Density  
(kg/m³) 
Viscosity 
 (mPa s) 
Electrical 
Conductivity 
(mS/m) 
Distilled water 72±1.1 1026 1.3±0.1 5.3±0.1 
15wt% PEO 
Solution 
71±3.7 1053 2666±53 25.0±2 
 
Fig. 6.1 (a) – Fig. 6.1 (e) show five self-assembled macrostructures achieved at the 
different relative humidities. The diameter of each macrostructure obtained was very 
similar, only varying between ~36-38 mm. As shown in Fig. 6.2 (a) – Fig. 6.2 (e), at a 
                                                                          Chapter 6. Study of relative humidity 
122 
 
relative humidity of 73%, the honeycomb-like structure was more defined than at 53%, 
63%, 83% and 93% humidities, which the honeycomb-like structure formed in the 
central and the middle regions, and flat film resulted in the edge region (Figure 3c).  
The pores’ diameter was greater in the central region than the pores’ diameter in the 
middle region. The electrical field force between the tip of the needle and the central 
region of collector was stronger than other regions, thus the repulsion force of the 
spinning jet was greater and generated bigger diameter of pores. Increasing the relative 
humidity to a critical point (73% RH in our work), raises the electrical conductivity and 
electrostatic repulsion force of the spinning jet and will help the nanofibres to complete 
self-alignment into a 3D honeycomb-like structure [Yan et al. 2011, Vrieze et al. 2009].  
At relative humidities of 53% and 63% structural features prevail, but they are not 
honeycomb-like patterns (Fig. 6.2(a) and Fig. 6.2(b)).  
At lower relative humidity level, the rate of evaporation was improved and the fibre 
observed to form quickly. At higher humidity, the higher water vapour pressure does 
not allow the fibre to complete the drying process during the time of flight of 
electrospun jet [Vrieze et al. 2009]. For both the structures formed at humidities of 53% 
and 63%, their distinct structures (no honeycomb pattern) were mainly generated in the 
central region, and structure formation gradually disappeared to leave flat films as the 
edges were reached (Fig. 6.2(a) and Fig. 6.2(b)).  
When the RH was raised to 83% and 93%, no structure was formed, but only polymer 
solution and a small amount of nanofibres was deposited in the central area and the 
edge area (Fig. 6.2(d) and Fig. 6.2(e)). This is because the ambient moisture 
concentration was very high due to the high humidity (>83%), therefore the rate of 
evaporation was very slow, hence the solvent present in the spun fibres cannot 
evaporate [Yan et al. 2011].   And Hardick et al. reported that if the relative humidity 
was increased to higher values of the deposition of wet fibres could occur causing the 
fibres to fuse together before drying [Hardick et al 2011].   
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Fig. 6.1. PEO macrostructures observed at different relative humidity values: a) 53% 
b) 63% c) 73% d) 83% e) 93%. 
 
 
  
                                                                          Chapter 6. Study of relative humidity 
124 
 
 
  
  
  
 
                                                                          Chapter 6. Study of relative humidity 
125 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.2. SEM images of the structures in the central (C), middle (M) and edge (E) 
regions of each structure, observed at different relative humidity values: a) 53% b) 63% 
c) 73% d) 83% e) 93%. 
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6.1.2 Porosity of honeycomb-like structures 
Pores were formed in the central regions of the structures when the relative humidity 
was between 53% and 73% (Fig. 6.2(a)- Fig. 6.2(c)). As RH became >83%, the pores 
started to disappear until only PEO solution remained on the glass substrates (Fig. 
6.2(d) and Fig. 6.2(e)). Well-defined porous structures occurred at 73% relative 
humidity (Fig. 6.2(c)). Yan et al. [2011] reported that if the humidity reaches the 
optimum value, the self-assembled fibre cluster could start to build into a 3D wall. 
Furthermore, Vrieze et al. [2009] observed that when humidity increased to a high level, 
the evaporation rate of solvent becomes slow, and therefore the wall of pores stopped 
aligning at the middle region. When the relative humidity was increased to 83%, the 
height of porous walls was small in the central region and the morphology of pores was 
unclear in the middle region and the combination of dried nanofibres and wet 
nanofibres (Fig. 6.2(d)). At 93% RH, there was no structure on the substrate, the 
nanofibres stayed in the wet solution state (Fig. 6.2(e)).  
On the other hand, when the relative humidity was 73%, the diameter of the pores was 
in a range ~400-1650 μm in the central area, ~300-520 μm in the middle area, and only 
nanofibres remained around the edge (Fig. 6.2(c)). When the relative humidity rose to 
83%, the diameter of pores, though not well-defined, was in the range ~50-160 μm in 
the middle region (Fig. 6.2(d)). From the above measurements, it is clearly seen that 
the pore size was reducing gradually from the central region to the middle region when 
the humidity was at 73%. This shows that if the relative humidity was set at desired 
level and other processing and material parameters were kept constant, pores would 
evolve.  
The formation of a porous structure depends on three factors. They are the electric field 
strength, the rate of evaporation, and the dielectric constant of solvent and air. The 
electric field strength influences the intensity of the electrostatic repulsive force of the 
spinning jet [Chowdhury and Stylios 2010, Heikkila and Harlin 2009, Carnell et al. 
2009, Gu et al. 2005, Baumgart 1971]. The dielectric constant of solvent enhances 
nanofibre deposition [Yarin et al. 2005]. Distilled water used as the solvent for PEO 
polymer has a large dielectric constant of ~78 at 25°C [Malmbery and Maryott 1956]. 
A high dielectric constant increases the bending instability of the electrospinning jet 
[Yarin et al. 2005] and the inter-fibre porosity [Wright et al. 2011]. Other factors can be 
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brought into effect in order to further refine the pore structure, for example, if a certain 
amount of ionic salt such as NaCl is added to the PEO solution, the pore size would 
increase, and the better defined pores will prevail [Lee et al. 2003, Fong et al. 1999].  
On the other hand, a stronger electric field force could be obtained by reducing the 
collection distance between the tip of nozzle and the surface substrate [Yang et al. 2008, 
Chowdhury and Stylios 2010, Heikkila and Harlin 2009, Carnell et al. 2009, 
Angammana and Jayaram 2011]. The collection distance is the shortest between the 
orifice of the nozzle and the central region of the glass slide. This is why the pore 
diameter was largest in this region (Figure 3c). The range of the pores was between 
~1650 µm and ~400 µm in the central and the middle regions. At 83% RH, large beads 
were generated in the central region and small and not well-defined pores occurred in 
the middle region. This is because at this high level of humidity the evaporation rate 
and solidification rate of the spinning jet were both low, thus the nanofibres were too 
wet and do not have enough time to evaporate the solvent during electrospinning. The 
distances from the nozzle tip to the other regions are longer than the distance to the 
central region, thus the nanofibres had more time to lose solvent to form some pores in 
these regions but these are not well-defined (Fig. 6.2(d)).  
6.1.3 Nanofibre characteristics 
At 53%, 63% and 73% RH, the diameter of nanofibres in the central region of the 
sample (Fig. 6.3) is in a range ~70-540 nm, ~160-510 nm and ~20-280 nm, respectively; 
in the middle region, the diameters are ~160-540 nm , ~190-540 nm and ~40-560 nm, 
respectively; in the edge region, the range is ~120-600 nm, ~170-520 nm and ~100-470 
nm, respectively. Nanofibres are present only in the edge region at 83% relative 
humidity (Fig. 6.3(d)), and their diameter range is ~150-510 nm. At 93% relative 
humidity, fibre was not present in any region (Fig. 6.3(e)). 
The relative humidity has a significant influence on the diameter of the nanofibres. 
Before the humidity reached 73%, the diameter range of nanofibres in the three 
different regions is similar (Fig. 6.4). At these low humidity values, the surroundings 
did not contain enough moisture, therefore the spinning process allowed enough time  
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for the solvent to evaporate and complete the drying process, a phenomenon also 
observed by Vrieze et al. [2009], Li et al. [2013], Reneker and Chun [1996], and Clanek 
et al. [2012]  
When the relative humidity increased to the critical value of 73%, honeycomb-like 
structures were generated (Fig. 6.3(c)). At this humidity the diameter distribution of 
nanofibres increased dramatically from the central region to the edge region (Fig. 6.4). 
The mean value of nanofibre diameter is ~121 nm in the centre, ~190 nm in the middle 
and ~309 nm at the edge, respectively. In the centre, the diameter of many nanofibres 
is ~20 nm, and there are beads formed on these nanofibres. In the middle region, the 
diameter of the nanofibres is ~40 nm, and beads also appear on these fibres. The 
generation of super thin beaded nanofibres facilitated the formation of the honeycomb-
like structure (Fig. 6.2(c) and Fig. 6.3(c)). This result displayed the observation of the 
super thin nanofibre is a sign of formation of honeycomb-like structure with spinning 
PEO polymer solution. Furthermore, the size of the beads on the beaded nanofibres is 
very large. Yan et al. have also investigated the walls of PEO honeycomb structures 
and found that it contains many well aligned beaded nanofibres [Yan et al. 2011].  
In addition, Son et al. [2004] have shown that a higher dielectric constant solvent gives 
rise to smaller PEO fibre [Clanek 2012]. The water vapour pressure is higher at 73% 
RH, and this factor directly enhances the repulsive forces in the spinning jet [Yan et al. 
2011, Vrieze et al. 2009] which leads to thinning of nanofibres. Tripatanasuwan et al. 
[2007] have reported that increasing the relative humidity increases the numbers of 
beads and the diameter of the beads. It might be noted that at 73% RH the mean value 
of the nanofibre diameters in the edge region is similar in mean value to the deposited 
nanofibres at relative humidities of 53% and 63% (Fig. 6.4). At 83% relative humidity, 
nanofibres were present in the edge area (Fig. 6.3(d)), and no nanofibre appeared in the 
central region and middle region. This could be the wet atmosphere was increased 
during the electrospinning process, and the rate of evaporation of electrospun 
nanofibres much decreased with enhancing the humidity. When the humidity increased 
to 93%, only PEO solution was deposited on the glass slide, because the very wet 
atmosphere did not allow the nanofibres to form and dry out on the substrate.  
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Fig. 6.3. SEM images of the PEO nanofibres present in the central (C), middle (M) and 
edge (E) regions of typical structures, observed at different relative humidity values: a) 
53% b) 63% c) 73% d) 83% e) 93%. 
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Fig. 6.4. PEO nanofibre size distribution in central (C), middle (M) and edge (E) 
regions at relative humidity values of 53%, 63%, 73%, 83%, and 93% relative humidity, 
no fibres were observed. 
 
6.1.4. Jetting behaviour and nanofibre formation 
Fig. 6.5 is a schematic diagram which illustrates the feature of the jet observed in this 
work. It shows how the primary jet [Reneker et al. 2007] was gradually elongated while 
the processing parameters and the ambient parameters were adjusted to the critical 
conditions described above for attaining the honeycomb structures [Liang et al. 2013]. 
At the end of the straight vertical primary jet, the jet became unstable and started to 
whip, spiral and loop; therefore an “envelope” developed (Fig. 6.5) [Reneker et al. 
2007]. The diameter of each looping jet extended longer and became thinner, and the 
circumference of each loop enlarged too. Hence the decreasing diameter of the looping 
jet stretched to nano-size [Reneker and Yarin 2008, Reneker et al. 2000, Theron et al. 
2005]. In addition, the tangential force which pulls the fibre in a conical arc (semi-
circle) may also stretch the collecting fibre which results in a reduction of the fibre 
diameter. The whipping of the jet is shown in the video 1(www.youtube.com). 
Video 1. Whipping electrospinning jet. (see Appendix A) 
https://www.youtube.com/watch?v=i60FXOda_k8 
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Fig. 6.5. Behaviour of the electrospinning jet sketched with the help of the observations 
made using the high speed camera (video 1). 
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(b) 
Fig. 6.6. (a) High speed camera image of whipping of the jet; (b) Conical arcing (semi-
circle) of the jet. 
Fig. 6.6 (a) shows the conical arcing (semi-circle) behaviour of the nanofibres before 
landing on the substrate and Fig. 6.6 (b) shows the nanofibres landing on the surface of 
a glass slide after 15mins. The following videos show the assembly and subsequent 
generation of the polymeric structures on collection substrate jack within 25mins. Each 
video displays the combination of 5 short videos which are up to 0.6mins. Video 2 
(www.youtube.com) shows fibre deposition at a low humidity (53%) and Video 3 
(www.youtube.com) shows the fibre deposition at an optimum humidity (73%).  Video 
4 (www.youtube.com) shows deposition at a higher humidity (93%). Fig. 6.7 shows the 
static images of structure formation at low humidity, 73% humidity, and high humidity. 
It is very clear that there are significant differences in the process of the formation  of 
fibre shown in these videos. Structural features prevail in the first case, but they are not 
honeycomb-like patterns. In addition, the conical arcing (semi-circle) behaviour of the 
nanofibres before reaching the substrate was less compared with that at 73% RH. The 
intensity of the arcing (semi-circle) is very high at 73% RH and a distinct structure was 
formed. Recognisable structures were generated mainly in the central region, and 
structure formation gradually disappeared as the edges were reached. But the fibres 
stayed in a wet state where deposited in the central region at 93% RH.  
Video 2. The formation of the PEO structure at low humidity (e.g. 53%). (see Appendix 
B) 
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https://www.youtube.com/watch?v=qqB2pbTWTRU 
Video 3. The formation of the PEO structure at critical humidity (73%). (see Appendix 
C) 
https://www.youtube.com/watch?v=WUVQoApHdgg 
Video 4. The formation of the PEO structure at high humidity (e.g. 93%). (see 
Appendix D) 
https://www.youtube.com/watch?v=tH53bxoLdFI 
 
Fig. 6.7. The static images of structure formation at (a) low humidity; (b) high 
humidity; (c) high humidity. 
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The wall of pores was built up steadily within a jetting time between 0-1500 s. The 
videos show the nanofibres whipping about before landing on the substrate to create 
the pore shapes, and also the generation of a well-ordered 3D structure. Another 
remarkable observation is the conical arcing (semi-circle) of nanofibres on reaching the 
substrate. This could mean that the whole instability in fibre deposition can be changed 
by changing the external condition. The whipping instability is stretched out and 
subsequently results in porous structure formation. It has been shown that the formation 
of primary structures such as beads, bead-on-string and fibre are influenced by the 
solvent and the polymer concentration.  
On the other hand, secondary structures such as pores are influenced by solvent and the 
environmental humidity [Zheng et al. 2012]. The fibre diameter has been shown to 
increase gradually with the relative humidity [Fashandi and Karimi 2012]. The gelation 
and the subsequent solidification prevent the elongation of the jet during the spinning 
process. When solidification stops as a result of high water vapour concentration at high 
values of relative humidity the elongation of the jet is prevented due to Coulomb force 
and the whipping instability [Reneker and Yarin 2008, Reneker et al. 2000, Theron et 
al. 2005]. This leads to large fibre diameters.  
For a low boiling point solvent, the surfaces of the freshly spun fibres or beads were 
smooth when the humidity was low [Khayet 2011]. A uniform distribution of nanopores 
was found on the fibres when the humidity was increased [Zheng et al. 2012]. For high 
boiling point solvent such as water used in these experiments, nanopores were less 
prevalent. Moreover, the size and length of fibres were dependent on the charge per 
unit area of the surface which is governed by the evaporation rate of the solvent during 
deposition [Tripatanasuwan et al. 2007].   
6.2. Hydrophobic polymer (EC) and increasing relative humidity 
6.2.1. Structure characteristics 
The structure was formed by 15 wt% of EC polymer in the mixed solvent, which was 
a mixture of ethanol and distilled water (80:20). In section 6.1, the results obtained 
indicated that the relative humidity directly influenced the generation of the 
honeycomb-like structure when using hydrophilic polymer (PEO) solution. Therefore, 
Section 6.2 repeated the same experimental procedures using hydrophobic polymer 
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(EC) solution to produce the honeycomb-like structure. The humidity was increased 
from 53% (RH) to 93% (RH), whilst the other parameters were maintained constant. 
Hence the spinning distance from the tip of the nozzle to the substrate was 100 mm, the 
flow rate was 50 μl/min and the electrical voltage was 12.1 kV. The forming time was 
limited to 960 s whilst the temperature was kept at ~25 °C. 
Fig. 6.8 (a) to Fig. 6.8 (e) show five self-assembled macrostructures created while 
increasing the relative humidity from 53% (RH) to 93% (RH). The diameter of each 
macrostructure was increased ~ 10 mm when the humidity was raised. The diameter of 
each of the macrostructures in turn was ~135 mm at 53% (RH), ~145 mm at 63% (RH), 
~155 mm at 73% (RH), ~165 mm at 83% (RH), and ~175 mm at 93% (RH). No 
honeycomb-like structures appeared in Fig. 6.8. The explanation is mixed solvent 
(ethanol and distilled water) in electrospinning EC solution evaporates faster than the 
single solvent (distilled water) in spinning PEO solution, since the ethanol boiling point 
is lower than water’s boiling point [Chai and Wu 2013]. The nanofibres on 
macrostructures dried quickly as they landed on the substrate, even when the humidity 
was increased [Wannatong et al. 2004] and the solidification of the nanofibres wasn’t 
disturbed. The dryness of the fibres was achieved by changing the evaporation rate of 
the solvent [Wannatong et al. 2004]. And also the electrified spinning cone-jet did not 
remain stable and single with spinning EC polymer solution.  The stable cone-jet mode 
could stay stable for few second, and the jet extended longer and longer for a little 
while, and then the single jet split into a multijet (see Fig. 6.9). Therefore the fibre 
collection distance was continuously decreasing while the emitting jet was extending 
longer and broke to multi-jet, simultaneously fibres spin to different areas on the 
substrate until the multi-jet occurred. Hence the multi-jet electrospun and generated the 
nanofibres on two different areas. 
In another aspect, when the humidity was raised above 63%, a continuous cluster of 
fibres spun out from the extended multi-jet (see Fig. 6.9 and Video 5). Video 5 
(www.youtube.com) records the forming process of the fibrous cluster. And Fig. 6.10 
shows the fibrous cluster occurred while the emitting jet extended and closed to the 
substrate. The short collection distance didn’t give the solvent enough time to evaporate 
before the wet beaded nanofibres landed on the substrate. Therefore beaded nanofibres 
formed under above conditions. Tripatanasuwan et al. reported that higher humidity 
caused a large number of beads [Tripatanasuwan et al. 2007].   
 
                                                                          Chapter 6. Study of relative humidity 
137 
 
 
                                                                          Chapter 6. Study of relative humidity 
138 
 
 
  
Fig. 6.8. EC  macrostructures observed at different relative humidity values: (a) 53% 
(b) 63% (c) 73% (d) 83% (e) 93%. 
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Fig.  6.9. Cone-jet and multi-jet of EC solution in the electrospinning process. 
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Fig. 6.10. Cluster of EC nanofibres as they are extruded from the nozzle (Note the 
extended solution jet). 
 
Video 5. The formation of the EC nanofibrous cluster. (see Appendix E) 
 
 https://www.youtube.com/watch?v=Ih80Qfsc6YU 
 
6.2.2. Nanofibre characteristics 
When the humidity was adjusted to 53%, 63%, 73%, 83% and 93%, the thickness of 
the nanofibres changed randomly (Fig. 6.11). Fig. 6.11 shows that the increasing 
humidity didn’t influence the morphology and formation of the nanofibres.  
 
But the morphology of fibrous cluster was affected in an obvious manner (see Fig. 
6.13). The diameter of the nanofibres in the central region of the sample (Fig. 6.12) 
varied as follows: ~70-1140 nm, ~50-590 nm, ~90-980 nm, ~150-1000 nm, and ~70-
850 nm respectively; in the middle region, the diameters were ~90-1760 nm, ~120-
1260 nm, ~200-1100 nm, ~140-1920 nm, and ~120-1090 nm respectively; the edge 
region, the diameters’ range was ~100-1150 nm, ~120-1380 nm, ~130-1010 nm, ~210-
860 nm, and ~190-1500 nm respectively. The concentration of the EC solution was 15 
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wt%, its properties are shown in Table 6.2. The morphology of nanofibres was slick. 
The viscosity of EC solution dictates the number of beads and smoothness of the fibre 
surface [Ahmad et al 2013, Lim et al. 2010].  
 
However since the fibrous cluster appeared during the electrospinning process, lots of 
beads were mixed in the nanofibre (see Fig. 6.13). These beaded nanofibres were 
generated when the humidity increased above 63 %. This is because the repulsive force 
was increased when the net charge on the solution increased, and the beads were pulled 
out from the orifice of the nozzle [Fong et al. 1999]. Fig. 6.13(a) to Fig. 6.13(d) also 
represented the shape of the beads was compressed from a shuttle contour to a round 
contour, while the RH enlarged between 63% and 93%. The range of beads was ~3.92-
14.72 µm, ~5.54-18.11 µm, ~2.08-25.09 µm, and ~1.85-24.71 µm at 63%, 73%, 83%, 
and 93% respectively. The formation of the beads is influenced by the surface tension 
[Fong et al. 1999, Magarvey and Outhouse 1962].  
 
Since the humidity was increased the wetness of the spinning EC solution was increased 
as well, and then the elasticity of the solution was improved. This enabled the surface 
tension to spin the beads from the end of the jet [Magarvey and Outhouse 1962]. Figure 
6.13(a) to Figure 6.13(d) show the number of shuttle beads reduced while the humidity 
increased above 83%. 
 
Table 6.2 Physical properties of EC solution and distilled water used in this 
investigation 
Solution 
Surface tension 
(mN/m) 
Density  
(kg/m³) 
Viscosity 
 (mPa s) 
Electrical 
conductivity 
(mS/m) 
Distilled water 72±1.1 1026 1.3±0.1 1.2±0.1 
15 wt% EC 
Solution 42.2±0.6 896.8 1808±12.1 54.42±5.6 
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Fig. 6.11. SEM images of the EC nanofibres present in the central, middle and edge 
regions of typical structures, observed at different relative humidity values: (a) 53% (b) 
63% (c) 73% (d) 83% (e) 93%. 
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Fig. 6.12. EC nanofibre size distribution with change in relative humidity 53%, 63%, 
73%, 83%, and 93% in central, middle and edge regions. 
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 Fig. 6.13. Clusters of fibres shown coming out from the nozzle into relative humidities 
of 63%, 73%, 83% and 93%. 
 
6.2.3. Jetting behaviour and nanofibre formation 
Videos 6 to 8 (www.youtube.com) show the formation of self-assembled structure from 
lower humidity to higher humidity, with other parameters kept constant. At the 
beginning, the jet was adjusted to a cone shape, the fibres whipped and spiralled from 
the cone-jet when the collection distance was set at 100mm. After a little while, the 
cone-jet length was extended to a maximum length. Even later, a second jet grew out 
next to the first long jet. Thus the collection distance was decreased between the end of 
the multi-jets and the substrate. When the collection distance was reduced enough, the 
nanofibres continued to be formed at 53% (RH). But if the humidity was increased 
above 63%, the nanofibres spiralled and looped to a continuous nanofibrous cluster at 
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the end of the stretched jet.  And the second expanded jet started to spin into a different 
area, meanwhile the first extended jet stopped spinning.   
 
Video 6 shows that the EC fibres didn’t form a honeycomb-like structure at 53% (RH). 
Video 7 also shows the fibres did not form a honeycomb-like structure at 73% (RH), 
however there was a continuous cluster of fibres produced until the jet extended longer 
and became a multi-filament jet after a few minutes of spinning.  
 
Video 8 records the electrospinning process at 93% (RH).  Still no honeycomb-like 
structure was formed. But the continuous cluster of fibres was produced at a much 
earlier stage while the humidity increased.  However, the morphology of the fibres 
changed dramatically after the humidity was increased. These fibres exhibited bead on 
string morphology. Also the bead’s shape changed from a shuttle to a circle when the 
humidity enlarged from 63% to 93% (see Fig. 6.13). Each video is an assemblage of 
five 300s videos. Fig. 6.14 presents the static images of EC structure generation with 
increasing the relative humidity, which is in accordance with the structure formation 
process shown in the videos.  
 
Video 6. The formation of the EC structure at low humidity (e.g. 53%). (see Appendix 
F) 
 
https://www.youtube.com/watch?v=YlBr-CJpjlA 
 
Video 7. The formation of the EC structure at critical humidity (73%). (see Appendix 
G) 
https://www.youtube.com/watch?v=tfdQxx4DHWk 
 
Video 8. The formation of the EC structure at high humidity (e.g. 93%). (see Appendix 
H) 
 
https://www.youtube.com/watch?v=Jpor370Dnas 
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Fig. 6.14. The static images of structure formation at (a) low humidity; (b) 73% 
humidity; (c) high humidity. 
                                                                          Chapter 6. Study of relative humidity 
148 
 
6.3. Summary 
The effect of relative humidity on the morphology both of the nanofibres and the 
honeycomb-like structure, was investigated systematically using PEO (hydrophilic) 
polymer and EC (hydrophobic) polymer. Process evolution was also studied using 
videos and images presented in the thesis and taken from a high speed camera and a 
smartphone camera respectively.  
The diameter of the PEO macrostructure produced was found to be similar throughout 
the range of relative humidity used which varied from 53% to 93%. A well-defined 3D 
honeycomb-like PEO structure was observed at 73% relative humidity. At humidities 
below 73%, although patterns generated no pattern or more likely formed a flat fibrous 
sheet. Increasing the humidity to 83% caused the formation of large beads in the central 
region. Increasing the humidity to 93% made the nanofibres remain in a semi-dissolved 
state on the substrate. The diameter of both the pores and nanofibres was observed to 
increase gradually from the centre region to the edge region of the macrostructure at 
73% relative humidity.  
The EC polymer formed flat fibrous sheets or fibrous clusters when the relative 
humidity was increased from 53% to 93%. But electrospinning EC polymer solution 
produced no honeycomb-like structure, despite several attempts. The clusters started to 
generate once the humidity was increased above 53%. And the diameter of electrospun 
nanofibre changed randomly with increasing the humidity between 53% and 93%.  Also 
there was beaded nanofibre observed when the humidity raised above 53%. The 
morphology of the beaded nanofibre on the cluster changed shape from a shuttle pattern 
to a round pattern. 
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The videos and images recorded the electrospinning process when the relative humidity 
increased from low humidity to high humidity as shown in this thesis, in the compact 
discs (enclosed in the thesis) and on the YouTube websit. 
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7. Conclusions and future work 
 
_________________________________________ 
 
7.1 Conclusions 
 
The objectives of this research are mainly focused on the influence that certain 
experimental parameters, both physical and various process parameters, have on the 
generation of 3D self-assembled honeycomb-like structure from PEO solutions using 
the electrospinning technique. The scope of the investigation comprised three major 
components.   
 
Initially, the solubility and spinnability of two types of molecular weight of PEO 
solutions were investigated to draw out the understanding of the relation between the 
PEO polymer and the solvent. 
 
Distilled water was selected because it was the most effective and least hazardous 
solvent to dissolve PEO polymer.  Solubility tests were made to determine the optimum 
concentrations to use and then a comprehensive study of the parameters influencing the 
generation of PEO honeycomb-like structure was made. After that, the hydrophilic 
polymer (PEO) and, for contrast, a hydrophobic polymer (EC) were employed to 
investigate the morphology and formation of honeycomb-like structure, under 
conditions of increasing relative humidity.  
 
7.1.1. Study of PEO solubility and spinnability 
 
Two types of PEO polymer with different molecular weight were used to complete the 
solubility and the spinnability study. For the single solvent solubility study, 13 different 
types of single solvent were employed to dissolve the two types of PEO polymer, a 
low-density type with a molecular weight of 4,600 g/mol and a high- density type with 
a molecular weight of 200,000 g/mol. For the spinnability study the process conditions, 
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such as the electric field strength across the collection zone, the solution flow rate and 
the collection distance, were held constant, as were the environmental conditions.  
 
7.1.1.1. Single solvent   
 
Tests were made to dissolve PEO polymer with molecular weight 4,600 g/mol in the 
following solvents: distilled water, ethanol, acetone, glycerol, ethylene glycol, 
methanol, n-propanol, n-pentanol, diethylene glycol, tetrahydrofuran, methyl acetate, 
nitromethane, and ethyl acetate. These 13 solvents were marked on the solubility Teas 
graph. The position of each single solvent on the Teas graph illustrates the intensity of 
dispersion force, hydrogen bonding force, and polar force of each solvent 
It was found that the polymer dissolved in distilled water, methanol and nitromethane 
quite quickly, to produce a clear solution within 10 minutes. The polymer was found to 
be insoluble in all 10 of the other solvents that were tested. 
The three solutions were capable of being electrosprayed and formed droplets. The 
mean droplet diameter produced using nitromethane was bigger than the droplet 
diameter produced using either methanol or distilled water. The smallest mean value of 
droplet diameter was achieved using methanol as the solvent. 
The high molecular weight (200,000 g/mol) PEO polymer was dissolved in the 
following solvents: distilled water, ethanol, acetone, glycerol, ethylene glycol, 
methanol, n-propanol, n-pentanol, diethylene glycol, tetrahydrofuran, methyl acetate, 
nitromethane, and ethyl acetate. The solvents were plotted on the solubility Teas graph. 
Their position on the graph indicates the intensity of dispersion force, hydrogen 
bonding force and polar force for each solvent 
It was found that the polymer dissolved only slowly in distilled water and in 
nitromethane, producing partial solutions within 720 minutes. The polymer was found 
to be insoluble in the other solvents that were tested. 
The two solutions were capable of electrospinning to form fibres. The fibres produced 
using the aqueous solution fused together or were deposited in a partially dried 
condition on the collection substrate. When the solvent used was nitromethane, the PEO 
solution formed uniform solid fibres on the substrate. 
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7.1.1.2. Mixed solvent 
 
Two sets of mixed solvents were employed to dissolve the PEO polymer with molecular 
weight 4,600 g/mol. The first set was a mixture of ethanol and distilled water. The 
second set was a mixture of distilled water and nitromethane. In each set the pair of 
solvents were combined in three ratios, namely 1:2, 1:1 and 2:1. The PEO polymer 
dissolved fully in the first set of mixed solvents to produce clear solutions in all cases. 
The second set of mixed solvent partially dissolved the PEO polymer. 
 
The location of each mixed solvent was plotted on the solubility Teas graph. The 
mixture of ethanol and distilled water showed strong hydrogen bonding force, weak 
dispersion force and polar force on the Teas graph. And the mixture of distilled water 
and nitromethane showed moderate hydrogen bonding force, dispersion force and polar 
force on the Teas graph, respectively.  
 
Both sets of solutions were found to be capable of electrospraying to produce droplets. 
For the first set, the mean value of droplet diameter decreased with increasing the ratio 
of distilled water.  In the case of the second set, the average value of droplet diameter 
reduced as the ratio of nitromethane increased. 
 
The mixed solvents of ethanol/distilled water and distilled water/nitromethane were 
also used to investigate the solubility and spinnability of high molecular weight 
(200,000 g/mol) of PEO solution. The two sets of mixed solvents partially dissolved 
the PEO polymer and displayed cloudy solutions. The region of each mixed solvent 
was plotted on the solubility Teas graph. The mixed solvents of ethanol and distilled 
water showed strong hydrogen bonding force, weak dispersion force and polar force on 
the Teas graph, respectively.  
 
The mixture of distilled water and nitromethane showed moderate hydrogen bonding 
force, dispersion force and polar force on the Teas graph. Fibre was generated using 
solutions prepared from both sets of mixed solvents. In the case of the second set mixed 
solvent, featuring distilled water and nitromethane, beaded fibres appeared with 
increasing ratio of distilled water or decreasing ratio of nitromethane. 
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7.1.1.3. Variation of PEO concentration and morphology of fibres 
 
The investigation reported in this section found that the size of bead reduced, when the 
concentration of the PEO polymer solution was increased. Furthermore, the transition 
configuration between the bead and the beaded fibre appeared with increasing PEO 
solution concentration from 2.5 wt% to 5 wt%. The morphology of the transition could 
be explained as a result of the higher concentration of PEO solution causing an increase 
in the length of transition beaded fibre (one bead with short fibre at two ends, no 
connection with next bead).  
 
7.1.2. Effect of physical and processing parameters 
 
The effects of the electrospinning process control parameters, and the concentration of 
polymer solution, on the morphology of three-dimensional self-assembled PEO 
honeycomb-like structures have been investigated. The morphology and formation of 
the structures was influenced by varying the concentration of PEO solution, the nature 
of the collecting substrate and the length of the collection distance.  
7.1.2.1. Concentration of PEO solution 
Four sets of PEO solutions with different concentrations were used to investigate the 
morphology of honeycomb-like structure, pores and nanofibres. The diameter of 
honeycomb-like macrostructure enlarged when the PEO concentration was increased. 
The concentration and diameter of beads on nanofibres was also observed to increase. 
The experimental results showed that the total number of beads decreased with 
increasing concentration from 12% w/w to 15% w/w. The diameter of the nanofibres 
was increased with concentration of the PEO solution, and the smoothness of the 
nanofibre surface also developed at higher concentration. However, the time of 
generation of honeycomb-like structure was much reduced as the viscosity of the PEO 
solution was increased.  
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7.1.2.2. Collection substrate 
 
Glass and aluminium foil wrapped microscope slides were used to examine the 
morphology of honeycomb-like structure and the magnitude of the pores. The 
macrostructure diameter was ~45.6 mm on the aluminium foil wrapped microscope 
slide, and the diameter was ~31.7 mm on the glass microscope slide. This showed the 
dimension of macrostructure was decreased on the insulated collection substrate. The 
electrical conductivity of a substrate affected the configuration of the structure. The 
material of substrate influenced the pore size. The range of pore diameter was smaller 
on the glass slide than the range produced on the aluminium foil. The range of pore 
diameter on the glass slide was between ~63 µm and ~380 µm, whilst that on the 
aluminium foil was between ~150 µm and ~390 µm. In addition, the honeycomb-like 
structure was more clearly developed, with a more uniform honeycomb-like 
configuration on the insulated substrate, such as glass microscope slide.  
 
7.1.2.3. Collection distance 
 
The collection distance between the orifice of the nozzle and the surface of collection 
substrate was varied to investigate its effect on the generation of honeycomb-like 
structure. The 200,000 g/mol PEO polymer solutions with concentrations of 12 wt% 
and 14 wt% were selected to investigate this observation. The experimental results 
demonstrated that there is an optimum collection distance for any given solution 
concentration, referred to as the unique distance. At 12 wt% solution, the well-defined 
honeycomb-like structure formed when the collection distance was ~85 mm. At 14 wt% 
solution, the honeycomb-like structure was generated at ~100 mm distance. Increasing 
the collection distance above the unique distance causes a reduction in the electric field 
strength, and an increase in spinning time, allowing wet nanofibres to dry in flight.  
 
Hence, a proportion of the nanofibres solidify before landing on the collection substrate. 
Therefore, at 14 wt% PEO solution concentration, pores ceased to appear when the 
collection distance reached 150 mm. On the other hand, the pore diameter increased 
with increase in the collection distance for 12 wt% PEO solution concentration. 
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7.1.3. Relation between relative humidity and polymers 
 
In this investigation, it was found to be possible to produce honeycomb-like structure 
using both the hydrophilic and hydrophobic polymers under varying ambient humidity. 
During the experiment, the humidity was varied at intervals of 10% between 53%, and 
93%.  
 
7.1.3.1. PEO solution and increasing relative humidity 
 
The PEO solution was able to generate self-assembled honeycomb-like structure at 
73% RH due to its high viscosity. When the relative humidity was between 53% and 
63%, structures formed, but not honeycomb-like structure. At 83% RH, a large bead 
was formed in the central region and small undefined pores generated in the middle 
region of the macrostructure. If the humidity was increased to 93%, the solvent would 
hardly evaporate from the nanofibre during the electrospinning process because the 
experimental environment was too moist. This inhibited the solidification of the 
nanofibre.  The wet nanofibres would become fused together and remain in partial 
solution.  
 
The formation of pores progressed steadily when the relative humidity was maintained 
at 73%. Pore generation stopped once the relative humidity exceeded 83%. If the 
humidity was adjusted to the optimum value, the nanofibres could start to build into a 
self-assembled honeycomb-like structure. With increasing relative humidity, the height 
of porous walls was decreased and the morphology of the pores did not form uniformly. 
At the relative humidity 73%, the diameter of pores was bigger in the central region 
than in the middle region. The porous structure depended on three factors. They were 
electric field strength, the rate of evaporation, and the dielectric constant of the solvent. 
The intensity of the electrostatic repulsive force of the electrospinning jet was affected 
by the electric field strength. The dielectric constant of the solvent enhanced nanofibre 
deposition. With increasing relative humidity, the rate of evaporation and the rate of 
solidification of the electrospinning jet were both reduced.  The nanofibres that were 
produced under these conditions were too watery to produce structure. 
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The nanofibres were formed at relative humidity levels of 53%, 63%, 73%, and 83%. 
Nanofibres only appeared in the edge region at 83% RH. Furthermore, the diameter 
range of central region nanofibres were between ~20 nm and ~280 nm at 73%, where 
this region was the place to achieve the well-defined pores, and beaded nanofibres also 
appeared. Therefore, well-defined pores were observed when the nanofibres were very 
thin and beads occurred. 
 
7.1.3.1. EC solution and increasing relative humidity 
In this work, the EC solution was found that was able to produce electrospun fibres, but 
no honeycomb-like structure was formed. But, as the relative humidity was increased 
in 10% increments from 63% to 93%, a continuous fibre cluster and nanofibres both 
accumulated on the collection substrate. When the humidity was adjusted to 53% only 
nanofibres occurred. The experiment demonstrated that the generation of porous 
structure was not influenced to a major extent by varying the relative humidity. But the 
diameter of the fibrous macrostructure was gradually increased when the humidity was 
raised.  
Furthermore, this investigation employed mixed solvents (ethanol/distilled water) to 
dissolve EC polymer. The boiling point of ethanol affected the evaporation rate of 
electrospun nanofibres, influencing the speed of solidification. It was not possible to 
obtain a stable emitting jet when the relative humidity was increased from 73%. The 
electrospinning jet tended to become unstable and break-up.  
Between 63% RH and 93% RH, the diameter of nanofibres gradually increased from 
the central region to the edge region. At 53% RH, 73% RH and 83% RH, the nanofibres 
in the middle region were bigger than the nanofibres in the central and edge regions.  
On the other hand, nanofibre cluster was formed when the relative humidity exceeded 
63%, and beaded nanofibres also appeared. The morphology of the beads changed from 
shuttle shape to circular shape when the humidity was increased from 63% to 93%. 
7.2 Future work 
The research reported here has identified some of the conditions that are favorable for 
the generation of self-assembly honeycomb-like structure by means of the 
electrospinning process. But there are several interesting developments of honeycomb-
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like structure formation for investigation in future work. The solubility of PEO polymer 
has been studied by means of tests using many organic single solvents. The results of 
experiments to determine the spinnability of PEO solution showed that it was important 
to use solvents that fully or at least partially dissolved the PEO polymer. Generally, in 
order to satisfy the solubility requirements, the selection of solvent needs to be based 
on the presence of strong hydrogen bonding force or strong polar force. Thus, distilled 
water and nitromethane are the only two solvents of those tested that are capable of 
dissolving PEO polymer properly. Distilled water demonstrates strong hydrogen 
bonding, and nitromethane is a highly polar liquid. In Sections 4.1 and 4.2 the Teas 
graph of solubility of PEO polymer was shown to provide a convenient and effective 
way to select appropriate solvents. Further work could usefully be undertaken to widen 
the range of solvents studied, and to investigate other factors that affect the solubility 
of PEO polymer. The latter could include investigating the dispersion force of solvent 
molecules and how it affects solubility; and examining more aqueous and organic 
solvents with strong hydrogen bonding tendency and strong polar force to develop and 
improve the systematic approach to solvent selection.   
The polyethylene oxide polymer is an active material in aqueous solvents, and is often 
used as a hydrophilic polymer for electrospinning experimental investigation. In this 
thesis, distilled water has been selected to dissolve PEO polymer, and a systematic 
investigation of forming honeycomb-like structure under varying processing 
parameters has been undertaken. This result demonstrated that distilled water was a 
useful aqueous solvent for promoting the generation of honeycomb-like structure. 
Furthermore, while the relative humidity was increased slowly, the honeycomb-like 
structure morphology was dramatically influenced. Distilled water has many hydrogen 
bonds; the hydrogen atoms are covalently attached to the oxygen of water molecules. 
Thus, nitromethane was discovered to be a good solvent to dissolve PEO polymer, and 
easily produced electrospun fibres.  Nitromethane is a slight viscous and highly polar 
liquid. It will be interesting to discover the characteristics of honeycomb-like structure 
generation using a non-aqueous solvent (nitromethane) in self-assembly 
electrospinning technique.  
Meanwhile, in Chapter 6 it has been shown that the morphology of the 3D honeycomb-
like structure is affected by the level of relative humidity. Thus the surrounding 
environment for storing the PEO porous structure can change its morphology. 
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Consequently, increasing or decreasing the humidity of the storage environment may 
cause variation in the size of the porous macrostructure. 
The processing parameters are highly influential factors affecting the generation and 
morphology of honeycomb-like structure in self-assembly electrospinning process. A 
single nozzle was used to produce a single piece of honeycomb-like structure. For the 
improvement of production capacity, the use of multiple nozzles should be considered 
to increase the number of honeycomb-like structures produced simultaneously. Also 
the morphology of the structure may be disturbed while multiple conductive nozzles 
were emitting the electrically charged solution. Moreover, use of coaxial nozzles can 
expand the market application of honeycomb-like fibrous structure. The morphology 
of nanofibres can be varied by changing the design of the nozzle outlet. In addition, 
environmental temperature is another parameter for investigation into its effect on the 
formation of honeycomb-like structure.
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Appendix A. Whipping electrospinning jet 
The 12 images shown here have been extracted from the first 12 seconds of a video 
recording of the video of whipping electrospinning jet.   
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Appendix B. The formation of the PEO structure at low humidity (e.g.53%) 
Six groups of images have been extracted from a video recording of the formation of 
the PEO structure at low humidity, at 5 minute intervals. Each of the six groups 
comprises 6 frames taken at 1 second intervals.  
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Appendix C. The formation of the PEO structure at critical humidity (e.g.73%) 
Six groups of images have been extracted from a video recording of the formation of 
the PEO structure at critical humidity, at 5 minute intervals. Each of the six groups 
comprises 6 frames taken at 1 second intervals.  
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Appendix D. The formation of the PEO structure at high humidity (e.g.93%) 
Six groups of images have been extracted from a video recording of the formation of 
the PEO structure at high humidity, at 5 minute intervals. Each of the six groups 
comprises 6 frames taken at 1 second intervals.  
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Appendix E. The formation of the EC nanofibrous cluster 
The static images were selected from the video of the formation of the EC nanofibrous 
cluster. The 8 images shown here have been extracted from the first 8 seconds of the 
video. 
 
                                                                                                                         Appendix 
203 
 
Appendix F. The formation of the EC structure at low humidity (e.g.53%) 
Five groups of images have been extracted from a video recording of the formation of 
the EC structure at low humidity, at 5 minute intervals. Each of the five groups 
comprises 6 frames taken at 1 second intervals.  
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Appendix G. The formation of the EC structure at critical humidity (e.g.73%) 
Five groups of images have been extracted from a video recording of the formation of 
the EC structure at critical humidity, at 5 minute intervals. Each of the five groups 
comprises 6 frames taken at 1 second intervals.  
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Appendix H. The formation of the EC structure at high humidity (e.g.93%) 
Five groups of images have been extracted from a video recording of the formation of 
the EC structure at high humidity, at 5 minute intervals. Each of the five groups 
comprises 6 frames taken at 1 second intervals.  
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